Spectroscopic Characterization of the Water-Oxidation Intermediates in the Ru-Based Catalysts for Artificial Photosynthesis by Moonshiram, Dooshaye
Purdue University
Purdue e-Pubs
Open Access Dissertations Theses and Dissertations
Fall 2013
Spectroscopic Characterization of the Water-




Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations
Part of the Analytical Chemistry Commons, Inorganic Chemistry Commons, and the Physical
Chemistry Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation
Moonshiram, Dooshaye, "Spectroscopic Characterization of the Water-Oxidation Intermediates in the Ru-Based Catalysts for
Artificial Photosynthesis" (2013). Open Access Dissertations. 101.
https://docs.lib.purdue.edu/open_access_dissertations/101
Graduate School ETD Form 9 




This is to certify that the thesis/dissertation prepared 
By  
Entitled
For the degree of   
Is approved by the final examining committee: 
       
                                              Chair 
       
       
       
To the best of my knowledge and as understood by the student in the Research Integrity and 
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of 
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.  
      
Approved by Major Professor(s): ____________________________________
                                                      ____________________________________ 
Approved by:   
     Head of the Graduate Program     Date 
Dooshaye Moonshiram
Spectroscopic Characterization of the Water Oxidation Intermediates in the Ru-Based Catalysts
for Artificial Photosynthesis
Doctor of Philosophy
VLADIMIR M. SHALAEV, Co-Chair
YULIA N. PUSHKAR, Co-Chair
PETER A. BERMEL
STEPHEN M. DURBIN
YULIA N. PUSHKAR, Co-Chair
M. R. Melloch 08/07/2013
  
 
SPECTROSCOPIC CHARACTERIZATION OF THE WATER-OXIDATION 





















In Partial Fulfillment of the 
 

































I appreciate kind support of my committee members, Dr. Yulia Pushkar, Dr. Steve 
Durbin, Dr. Peter Bermel, and Dr. Vladimir Shalaev. I would also like to thank Dr. Trudy 
Bolin, Dr. Steve Heald and Dr. Dale Brewe for help with experiments at the Advanced 
Photon Source at beamlines 9 and 20 at Argonne National Laboratory. Special thanks go 
to Dr. Michael Everly and Amy Instrumentation facility for providing access to EPR and 
Dr. William Cramer and Stanislav Zakharov for help with UV-Vis stopped flow 
measurements. 
 
Special gratitude also go to Vatsal Purohit, Igor Alperovich and Tanya Otrenchenko 
who have been a joy to work with during beamtimes and in the lab. Igor has collaborated 
with me over the past four years and has provided insightful ideas and suggestions 
regarding the theoretical aspect of this project.  
 
Great thanks and love go to my mother, father and sister, Anusha, for always being 
extremely supportive throughout my graduate career. I would lastly like to thank Sandun 




TABLE OF CONTENTS 
  Page 
LIST OF TABLES ............................................................................................................. ix 
LIST OF FIGURES………………………………………………………………………xi 
LIST OF ABBREVIATIONS………………………………………………………….xxii 
ABSTRACT…………………………………………………………………………...xxiii 
1. INTRODUCTION……………………………………………………………………...1 
1.1. Objectives ................................................................................................................. 1 
1.2. Catalytic Water Oxidation ........................................................................................ 3 
1.3. Mechanism of Water Oxidation ............................................................................... 5 
1.4. Suggested mechanism of O-O bond formation in PS II and Ru based 
catalysts…........................................................................................................................6 
1.5. Outline of this thesis………………………………………………………………..8 
2. METHODOLOGY ....................................................................................................... 11 
2.1.Introduction ............................................................................................................. 11 
2.2. UV-Vis Absorbance Spectroscopy and Stopped Flow Measurements .................. 12 
2.3. X-Ray Absorption Fine Structure Spectroscopy (XAFS)  ..................................... 13 
      2.3.1. XAFS Theory .................................................................................................... 13 
   2.3.2. Analytical Expression of the EXAFS Signal .................................................... 17 
   2.3.3. XAFS Experimental Procedure……………………………………………….18 
   2.3.4. EXAFS Data Analysis………………………………………………………...21 
2.4. Electron Yield Measurements ................................................................................ 23 
2.5. Electron Paramagnetic Resonance (EPR) Spectroscopy ........................................ 24 
   2.5.1.EPR Theory ....................................................................................................... 24 
   2.5.2.G-Anisotropy ..................................................................................................... 26 
   2.5.3.Hyperfine Interaction, the effect of nuclear spin ............................................... 30 
   2.5.4.EPR Spectrometer.............................................................................................. 33 
2.6. Oxygen Evolution Measurements .......................................................................... 34 
2.7. Resonance Raman................................................................................................... 35 
2.8. Sample Preparations ............................................................................................... 35 




                Page 
3.1. Structure and Electronic Configurations of the Intermediates of Water Oxidation                  
in Blue Ruthenium Dimer Catalysis ................................................................................. 38 
3.1.1. Introduction ......................................................................................................... 38 
3.1.2. Mechanism of Blue Dimer Catalytic Cycle ......................................................... 39 
3.1.3. UV-Vis Spectroscopy of intermediates along the blue dimer catalytic cycle ..... 41 
3.1.3.1. UV-Vis absorbance of stable intermediates in blue dimer catalytic cycle….41 
  3.1.3.2. UV-Vis absorbance of unstable and reactive intermediates in the blue 
dimer catalytic cycle .................................................................................................. 42 
3.1.4. EPR comparison of stable and reactive intermediates in blue dimer catalytic 
cycle……………………………………………………………………………………43 
3.1.4.1. X-Band EPR of BD[3,4]-prime……………………………………………..44 
3.1.4.2. X-Band EPR of BD[4,5] …………………………………………………...49 
3.1.5.XAS Analysis of stable intermediates BD[3,3] and BD[3,4] in blue dimer                      
catalytic cycle ................................................................................................................ 50 
3.1.5.1.XANES Analysis of stable intermediates BD[3,3] and BD[3,4]  .................. 50 
3.1.5.2.EXAFS Analysis of Blue Dimer Intermediates BD[3,3] and BD[3,4] . ........ 52 
3.1.6. XANES and EXAFS analysis of BD[3,4]-prime Intermediate ........................... 56 
3.1.7.XANES and EXAFS analysis of BD[4,5] Intermediate ....................................... 60 
3.1.8.Conclusion ............................................................................................................ 62 
3.2.  Experimental Demonstration of Radicaloid Character in the RuV=O 
Intermediate in Blue Dimer Catalytic Water Oxidation ................................................... 64 
3.2.1. Introduction ......................................................................................................... 64 
3.2.2.Demonstration of radicaloid character by EPR .................................................... 64 
3.2.2.1.Simulation of BD[4,5] in H216O ..................................................................... 64   
3.2.2.2.Simulation of BD[4,5] in H217O ..................................................................... 67 
3.2.3.Conclusion ............................................................................................................ 70 
3.3. Mechanism of Catalytic Water Oxidation by the Ruthenium Blue Dimer  
Catalyst: Comparative Study in D2O versus H2O ............................................................. 72 
3.3.1.Introduction. ......................................................................................................... 72 
3.3.2. Determination of the KIE (KH2O/KD2O) for Oxygen Evolution with Blue  ..........  
Dimer Catalyst ............................................................................................................... 72 
3.3.3.Stopped-Flow Kinetic Analysis of Blue Dimer Water Oxidation Cycle.............. 75 
3.3.4.EPR demonstration of extended lifetime of BD[4,5] in D2O ............................... 79 
3.3.5.Time resolved EPR spectroscopy ......................................................................... 80 
3.3.6.Conclusion ............................................................................................................ 83 
3.4. Resonance Raman Characterization of Blue Dimer Intermediates............................ 84 
3.4.1.Introduction  ......................................................................................................... 84 
3.4.2. Resonance Raman of Blue Dimer Intermediates ................................................. 85 
                   
 
 vi 
                Page 
3.4.2.1.Resonance Raman of BD[3,4] ........................................................................ 85 
3.4.2.2. Resonance Raman of BD[4,5] and freeze quench sample preparation in  
H2O versus D2O……………………………………………………………………..87 
3.4.2.3. Comparison between Resonance Raman in H2O versus D2O on freeze- 
quenched samples…………………………………………………………………....88 
3.4.2.4. Resonance Raman of BD[3,4]-Prime……………………………………….92 
3.4.3 Stability of the BD[3,4] prime intermediate and electron transfer   
   management in blue dimer catalytic water splitting…………………………………...94 
3.4.4. Resonance Raman on freeze-quenched samples in 50 % H216O and H218O……97 
3.4.5. Conclusion ........................................................................................................... 99 
3.5. Structure and Electronic Configuration of Proposed BD[5,5] Intermediate in  
Blue Dimer Catalytic Cycle and Control of Rate Limiting Steps in Catalytic  
Water Oxidation .............................................................................................................. 101 
3.5.1. Introduction ....................................................................................................... 101 
3.5.2. Methods of preparation of BD[4,5]-prime ........................................................ 102 
3.5.2.1.Addition of hexaaquacobalt(III) ................................................................... 102 
 3.5.2.2. Addition of excess Ce(IV) in DNO3 .......................................................... 103 
3.5.3. EPR Quantification of BD[4,5]-prime.............................................................   104 
3.5.4. XANES and EXAFS of deconvoluted BD[4,5]-prime…………………….......106 
3.5.5. Control of rate limiting steps in Catalytic Water Oxidation.……………..........110 
3.5.6. Conclusion……………………………………………………………………..113 
4. SPECTROSCOPIC CHARACTERISTICS OF THE RUIII-OOH and RUIV  
INTERMEDIATE: PRODUCT OF THE O-O BOND FORMATION IN THE  
RU-SINGLE SITE CATALYST OF WATER OXIDATION ....................................... 115 
4.1 Introduction ........................................................................................................... 115 
4.2. Schematic of the Catalytic Cycle of Single Site Water-Oxidizing Complex ....... 116 
4.3. Uv-Vis and EPR Characterization ........................................................................ 117 
4.4. Raman Analysis of Reactive peroxo and Ru(IV) Intermediate ............................ 123 
4.5. XAS and EXAFS Analysis ................................................................................... 124 
4.6. Conclusion ............................................................................................................ 130 
5.SPECTROSCOPIC CHARACTERIZATION OF LIGAND EXCHANGE  
AND WATER OXIDATION IN [RUII(BPY)(TPY)CL]+ CATALYST ........................ 131 
5.1. Introduction .......................................................................................................... 131 
5.2 Cl/H2O exchange for monomeric Ru(II) complex  [Ru(II)(bpy)(tpy)Cl]+ and 
[Ru(bpy)(tpy)H2O]+………………………………………………………………….132 
5.3. UV-Vis and EPR analysis .................................................................................... 134 
5.4. XAS at Ru K-edge ................................................................................................ 137 




                    Page 
5.6. XANES at Cl K-edge and Ru L-edge ................................................................... 143 
5.7. Conclusion ............................................................................................................ 146 
6. CHARACTERIZATION OF PEROXO INTERMEDIATES IN A RU  
MONOMERIC COMPLEX WITH COMPARABLE TURNOVER RATE AS THE 
OXYGEN EVOLVING COMPLEX IN PHOTOSYSTEM II………………................148 
6.1. Introduction .......................................................................................................... 148 
6.2. Schematic of the Catalytic Cycle......................................................................... .149 
6.3. EPR analysis ......................................................................................................... 150 
6.4. XANES analysis ................................................................................................... 152 
6.5. Resonance Raman and EXAFS analysis .............................................................. 153 
6.6. Conclusion ............................................................................................................ 155 
7. CHLORINATION OF TRIS(BIPYRIDINE) RUTHENIUM (II) TO EXPLAIN 
RU(III) PEROXO SIGNAL OBSERVED IN SINGLE-SITE CATALYST. ................ 157 
7.1 Introduction ........................................................................................................... 157 
7.2 Structure and properties of the [Ru(bpy)3]Cl2 photosensitizer .............................. 158 
7.3. Chlorination of [Ru(bpy)3]2+ ................................................................................ 160 
7.4. EPR and XANES Analysis ................................................................................... 161 
7.5. EXAFS analysis .................................................................................................... 162 
7.6. Conclusion ............................................................................................................ 165 
8. CONCLUSIONS AND SUGGESTED FUTURE WORK. ........................................ 166 
8.1 Summary ................................................................................................................ 166 
8.2. Key findings outlined in this thesis ...................................................................... 167 
8.2.1. Spectroscopic Characterization of reactive intermediates in Blue dimer ......167  
8.2.2. Experimental demonstration of radicaloid character in RuV=O unit of Blue 
Dimer [4,5] Intermediate.......………………………………………………............168 
8.2.3. Stabilization of BD[4,5] intermediate in D2O………………………….........168 
8.2.4. Characterization of oxygen evolving intermediate in Blue dimer....………..168  
8.2.5. Mediator-assisted Water Oxidation by use of photosensitizer [Ru(bpy)3]2+...169 
8.2.6. Spectroscopic Characterization of reactive intermediates in Ru single-site 
Catalysts....................................................................................................................169 
8.2.7. Ligand exchange on Ru single-site catalysts………………………………..170 
8.2.8. Characterization of Ru peroxo-like EPR signal in single-site catalysts…......170 
8.3. Concluding Remarks…………………………………………………………….170 
8.4. Future Suggested Work ........................................................................................ 171 
8.4.1. Energy Diagram for Blue Dimer Water Oxidation………………………….171 
8.4.2. Characterization of BD[4,4] blue dimer intermediate…………………........172 
8.4.3. In-depth analysis of the mechanism of water oxidation by single-site Ru 
catalysts………….…………………………………………………………………173 
8.4.4. Mechanism of Ru-based catalysts immobilized on electrode surfaces….......173 
 
 viii 
                   Page 
LIST OF REFERENCES ................................................................................................ 175 
APPENDICES 
A. SUPPORTING FIGURES AND TABLES FOR CHAPTER 3.1. ............................ 189 
B. SUPPORTING FIGURES AND TABLES FOR CHAPTER 3.5 .............................. 199 
C. SUPPORTING FIGURES AND TABLES FOR CHAPTER 4 ................................. 204 
D. SUPPORTING FIGURES AND TABLES FOR CHAPTER 5................................. 209 
E. SUPPORTING FIGURES AND TABLES FOR CHAPTER 7 ................................. 213 
VITA ............................................................................................................................... 215 
PUBLICATIONS ............................................................................................................ 216 
 
 ix 
LIST OF TABLES 
Table Page 
2.1 Pascal triangle and the numbers and relative intensities ( R ) of the hyperfine lines 
for N = 3 equivalent I = ½ nuclei ............................................................................... 32 
3.1.1Comparison of XANES Energy for Blue Dimer Catalysts ....................................... 52 
3.1.2 Comparison of structural parameters from EXAFS and XRD for blue dimer 
[3,3],[3,4]  .................................................................................................................. 54 
3.1.3 Comparison of structural parameters for blue dimer [3,4]-prime ............................ 60 
3.1.4 Comparison of structural parameters for blue dimer [4,5] ...................................... 62 
3.3.1 Rate of Oxygen Evolution and Total Oxygen Evolution for 0.1mM BD in H2O 
and D2O solution at pH=1. ......................................................................................... 74 
3.3.2Rate constants derived from kinetic modeling of the reaction of 0.1 mM BD[3,3] 
with 4 eq. of Ce(IV) in HNO3 and DNO3 at pH  = 1. UV-Vis absorbance curves 
and kinetics fits are shown in Figures 3.3.2A and 3.3.3 ............................................ 78 
3.3.3 Inflection points from the reaction of 0.1 mM BD[3,3]+ 4 eq and 20 eq Ce(IV) in 
HNO3 and DNO3 at pH  = 1 and 0.2 mM BD[3,4] + 20 eq Ce(IV) in HNO3 ............ 79 
3.4.1 Summary of the main spectral feature Raman band as well as other interesting 
Raman bands in all blue dimer intermediates ............................................................ 99 
3.5.1 EPR Quantification of BD[4,5]-prime in EPR mixture of BD[4,5]-prime and 
BD[3,4]’ formed by adding excess Ce(IV) to BD[3,4] in 1 mol DNO3 (PH 0) 
based on EPR quantification of spectra in Figure 3.5.2 ........................................... 104 
3.5.2 EPR quantification of BD[4,5]-prime active species for both methods of 
preparation explained in Section 3.5.2 ..................................................................... 105 
3.5.3 Comparison of EPR, Raman and XAFS of BD[4,5] freeze-quenched at pH 1 
versus BD[4,5]-prime freeze-quenched at 2 s with excess Ce(IV) in DNO3 at pH 0 
and with addition of hexaaquacobalt(III)  ................................................................ 109 
3.5.4 Rate of oxygen evolution and total oxygen evolution for 0.1 mM BD with excess 




4.1  Comparison of structural parameters from EXAFS and XRD for Ru(II) in starting 
complex [RuII(L)(4-pic)2(OH2)]2+,  as well as RuIIH2O with 1 eq. Ce(IV) and 
excess Ce(IV) freeze-quenched within 1 sec, 3 sec, 5 sec, 12 sec, 30 min and 15 
min and 24 hours .................................................................................................... ..127 
5.1 Comparison of XANES Energy for Ru(II)Cl starting complex as well as Ru(II) 
oxidized with  1 eq Ce(IV) freeze-quenched within 2 min, and oxidized with 20 
eq. Ce(IV) freeze-quenched within 2 min, 20 min and 24 hours. XANES of Ru(II) 
H2O and Ru(II)H2O oxidized with excess Ce(IV) and frozen within 30 s are also 
shown. References used are blue dimer [3,3], RuO2 and Ru(V) standard powders 138 
5.2 Comparison of structural parameters from EXAFS and XRD for Ru(II) in starting 
complex Ru(II) Cl, Ru(II) H2O,  as well as Ru(II)Cl with excess Ce(IV) frozen 
within 2 min, 20 min and 24 hours. EXAFS fits of Ru (II)H2O with excess Ce(IV) 
frozen within 30 s is also shown. ............................................................................. 141 
7.1 Comparison of structural parameters from EXAFS and XRD for [Ru(bpy)3]2+, 
[Ru(bpy)3]3+ and Ru chlorinated product ................................................................. 163 
A.1 EXAFS fits for blue dimer [3,3], [3,4] and [4,5] ..................................................... 190 
A.2 Fits of EXAFS data for intermediate [3,4]’ (prime) ................................................ 194 
B.1 EXAFS fits for BD[4.5] (pH 1, HNO3)  ................................................................... 199 
B.2 EXAFS fits for BD[4.5] (pH 0, DNO3)  ................................................................... 201 
B.3 EXAFS fits for BD[4.5] hurst deconvoluted signal ................................................. 202 
C.1 EXAFS fits for RuIIH2O [RuII(L)(4-pic)2(OH2)]2+,  RuIIIH2O and RuIIH2O oxidized 
with 20 eq. Ce(IV) freeze-quenched within 1 s, 3 s, 5 s, 12 s, 30 s and 15 min. All 
samples were prepared at 0.5 mM in 0.1 mol HNO3. .............................................. 204 
D.1 EXAFS fits for Ru(II)Cl, Ru(II)H2O, Ru(II)Cl with 1 eq. Ce(IV) frozen within 2 
min, Ru(II)Cl with 20 eq Ce(IV) frozen within 2 min, 20 min and 24 hrs as well as 
Ru(II)H2O oxidized with 20 eq. Ce(IV) and frozen within 30 s…………………..209 
E.1 Structural parameters from EXAFS fits of [Ru(bpy)3 2+, Ru(bpy)32+ and Ru(III) 






LIST OF FIGURES 
Figure                                                                                                                             Page 
1.1  Total primary power consumed in the year 2000 and 2050 according to the 
 world assessment report. These figures are a measure of the mean burn rate of
 all energy consumed on the planet……………………………………………….. 3 
1.2  A. Stereo View of the Mn4CaO5 cluster and its ligand environment.B. Distances
 in (Å) between metal atoms and oxo bridges or water molecules………………...4  
1.3. Schematic diagram of the Kok’s S-state cycle and corresponding cycle of the  blue 
dimer showing the four oxidations steps necessary for water oxidation………….6 
1.4   Molecular-define ruthenium catalysts studied in Chapters 3-7…………………..9 
2.1   An X-ray photon having sufficient energy to liberate an electron from the low-
 energy bound states in the atom………………………………………………….14 
2.2  Scattering Processes of photoelectron wave……………………………………...15 
2.3  Energy Regions of the XAS Spectrum…………………………………………...17 
2.4  Experimental Set up for transmission XAS (for solid samples)………………….19 
2.5  Experimental Set up fluoresence measurements for dilute solution samples…….20  
2.6  Experimental Set up fluoresence measurements for Ru L-edge XAS…………...20  
2.7  Data processing and analysis of EXAFS oscillations A. Fluorescence
 measurements of Ru (II) and Ru (III) solutions, B. Conversion of energy space
 to photoelectron k space, C .Fourier transform of Ru (II) and Ru (III) solution...22 
2.8  Electron Yield Experimental Set up for Ru L-edge measurements………………23  
2.9  Splitting of the Energy levels in presence of a microwave pulse………………...25 
2.10 First Derivative of Absorption spectrum giving EPR signal……………………27 
2.11 Axial and Rhombic symmetry system to determine EPR g-anisotropy………...28 
2.12 Absorption Spectra for a system with axial and rhombic symmetry……………29 
 
 xii 
Figure                                                                                                                             Page 
2.13 EPR signal of a Ru (III) solution prepared by adding 1 equivalent Ce(IV) to Ru 
(II) solution. The Ru (II) solution (boxed) exhibits a rhombic symmetry ................. 29 
2.14 A. Local fields arising from the interaction of an electron with spin ½ with a 
proton with nuclear spin 1/2. B. EPR experiments for a single electron interacting 
with a magnetic nucleus with spin 1/2 ....................................................................... 31 
2.15 A. Hyperfine splittings originating from interaction with nucleus with nuclear 
spin 1/2, 1 and 3/2 B. Hyperfine splittings  and relative intensities of the hyperfine 
lines for N = 2 and N = 3 equivalent I = ½ nuclei ..................................................... 32 
2.16 EPR Spectrometer ..................................................................................................... 33 
2.17 Critical Coupling resulting in formation of an EPR signal   ..................................... 34 
3.1.1 Schematic of the blue dimer (BD) catalytic cycle  .................................................. 40 
3.1.2 UV-Vis Absorption Spectroscopy of stable blue dimer Ru catalysts [3,3] and 
[3,4]   . ........................................................................................................................ 41 
3.1.3 A. Protonation scheme of BD [3,4] at different pH. B. UV-Visible absorption 
spectra of BD [3,4] at pH 0, 1 and 7 .......................................................................... 41 
3.1.4 Stopped-Flow UV-Vis absorbance of starting BD[3,4] catalyst with 2,3 and 20 
eq of Ce(IV)  .............................................................................................................. 43 
3.1.5 X-band EPR spectra of stable and reactive blue dimer intermediates BD[3,4], 
BD[4,5] and BD[3,4]’(BD [3,4]-prime) studied in this chapter ................................ 44 
3.1.6 X-band EPR spectra (20 K) of 0.25 mM blue dimer [3,4] in 0.1 M HNO3  after 
A. addition of 1,2 or 3 Ce(IV) equivalents and freezing within 30 s. B. freeze 
quench preparation with addition of 2 equivalents of Ce(IV) and freezing at 
indicated times. Insert: Stopped-flow Uv-Vis absorbance of [3,4] with 2 eq. 
Ce(IV) at 486 nm…. .................................................................................................. 45 
3.1.7 Power Dependence Curves of BD[3,4] and BD[3,4]' showing their relaxation 
behavior  ..................................................................................................................... 46 
3.1.8 Temperature Dependence of BD[3,4] and BD[3,4]’ solutions from 20-140 K and 
their abidance by Curie’s law. [31.70 mW, 9.415 GHZ, 104 gain, 20.48 ms time 







Figure                                                                                                                             Page 
3.1.9 A Analysis of the stability of the [3,4]’ intermediate by EPR. Samples of 
intermediate were prepared by adding 3 equivalents of Ce(IV) to 1 mM solution of 
blue dimer [3,4] in 0.l mol HNO3. The samples were melted for the indicated period 
of time and refrozen for EPR analysis at 20 K. B. Kinetic of O2 evolution recorded 
with oxygen electrode immersed into the solution of blue dimer [3,3] (0.1 mM in 0.1 
M HNO3) after addition of 4 equivalents of Ce(IV) to induce a single turnover ....... 49 
3.1.10 Results of freeze quench analysis of 0.25 mM blue dimer [3,4] in 0.1 M HNO3 
mixed with 20 equivalents of Ce (IV)  ....................................................................... 50 
3.1.11 Normalized Ru K-edge XANES of the blue dimer in oxidation states [3,3] and 
[3,4] and its reactive intermediates [4,5] and [3,4]’. Reference compounds are 
Ru(II) complex - Ru(Mebimpy)(bpy)(H2O)](NO3)2 (where Mebimpy = 2,6-bis(1-
methylbenzimidazol-2-yl) pyridine and bpy=2,2’-bipyridine), RuO2 and tetra-n-
propylammonium bis-2-hydroxy-2ethylbutyrato(oxo) ruthenate(V)  ........................ 51 
3.1.12 Fourier transforms of k3-weighted Ru EXAFS of the blue dimer in oxidation 
states [3,3] and [3,4] obtained from powders (A) and in 0.1 M HNO3 solution (B). 
(C) EXAFS spectra simulated with FEFF software. .................................................. 54 
3.1.13 Result of the Ru-O-Ru angle determination for blue dimer [3,3]; [3,4]. 
Coordination numbers are plotted as a function of the Ru-O-Ru angle. The angle is 
determined to be the one that provides accurate coordination number. Multiple 
scattering paths for the Ru-O-Ru unit are shown below ............................................ 55 
3.1.14 Comparison of spectroscopic characteristics of the blue dimer [3,4] and 
oxidized intermediate [3,4]-prime using A. normalized Ru K-edge XANES 
including reference compound RuO2B. second derivative of normalized Ru K-
edge XANES C.Result of the Ru-O-Ru angle determination of [3,4]’-prime. .......... 56 
3.1.15 Fourier transforms of k3-weighted Ru EXAFS of the blue dimer [3,4] and 
oxidized intermediate  ................................................................................................ 57 
3.1.16 Investigated structures of the peroxides in the blue dimer molecule ..................... 58 
3.1.17 A. Normalized Ru K-edge XANES including reference compound for 
Ru(V)=O: tetra-n-propylammonium bis-2-hydroxy-2ethylbutyrato(oxo) 
ruthenate(V); (B) Fourier transforms of k3-weighted Ru EXAFS (Appendix, Fig. 
A.2, A.3). (C)Result of the Ru-O-Ru angle determination of BD[4,5 ....................... 61 
3.2.1 A. Simulation of BD[4,5] spectrum without Ru99,101 hfs and series of simulations 
with gyy varying from 1.90-2.02. Spectrum with gyy = 1.98 fits the overall 
experimental shape B. Residual obtained by subtracting experimental spectra from 




Figure                                                                                                                             Page 
3.2.2 A. Simulation of BD[4,5] with no hfs (40 % contribution) and gyy = 1.98 and 
with addition of one Ru center (50 %) and two Ru centers (10 %) with Ayy=40±5G 
and Azz=25±5G  B. Comparison of BD[4,5] with final simulated spectra obtained 
by adding simulated spectra shown in Fig. A in the correct percentages .................. 66 
3.2.3 A. EPR spectra of the reaction mixture obtained by quick manual mixing of 
BD[3,4] (1.2 mM in 0.1 mol HNO3) starting catalyst and 20 eq. Ce(IV). BD[4,5] 
converts into BD[3,4] prime intermediate on sample melting. B. EPR spectra of 
the BD[4,5] obtained with freeze quench (0.5 mM in 0.1 mol HNO3, 1 s freezing 
time; black) and quick manual mixing (1.2 mM in 0.1 mol HNO3) and subtraction 
of product spectra (red).  ............................................................................................ 68 
3.2.4 A EPR spectra of BD [4,5] (0.5 mM in 0.1 mol HNO3) and BD [4,5]- 17O (1.2 
mM in 0.1 mol HNO3) extracted by subtracting EPR spectrum of BD[3,4]-prime 
and BD[3,4]- 17O-prime (1 mM in 0.1 mol HNO3)  products from initially obtained 
reaction mixtures.  Simulation of the BD[4,5]- 17O spectrum is shown by red 
dashed line. B. Comparison of the EPR spectra of BD[3,4]-prime and BD[3,4]- 
17O-prime species, (1mM in 0.1 mol HNO3). ............................................................ 69 
3.2.5 Simulation of BD[4,5] in H217O simulated by Axx = 60 G A. with addition of Ayy 
from 5-45 G. B. with addition of Azz = 5-45 G. ......................................................... 70 
3.3.1 Kinetics of O2 evolution recorded with oxygen electrode immersed in (a) H2O 
and (b) D2O solution of the blue dimer [3,3] (0.1 mM in 0.1 M HNO3) after 
addition of 4 equivalents of Ce(IV) to induce a single turnover as well as 20 
equivalents of Ce(IV)  ................................................................................................ 74 
3.3.2 A. Stopped-flow UV-Vis measurement of BD[3,3] (0.1 mM) oxidation with 4 
eq. and 20 eq. of Ce(IV) at pH 1 (HNO3) in H2O and in D2O. B. Comparison of 
the absorbance traces at 480 nm in H2O and D2O for BD[3,3] with 4 eq. and 20 eq. 
Ce(IV) at pH 1.  ................................................................................................ ……..77 
3.3.3 Kinetic modeling of the reaction of 0.1 mM BD[3,3] with 4 eq. of Ce(IV) at pH 
1 in (a) H2O and (b) D2O. Concentration profiles of BD[3,3], BD[3,4], BD[4,5], 
BD[3,4]-prime and Ce(IV) are shown. Rate constants are given in Table 3.3.2. 
UV-Vis absorbance kinetic results for these reactions are shown in Figure 3.3.1 A, 
B  ...................................................................................................................... ……..78 
3.3.4 X-Band EPR of 1 mM BD[3,4] mixed with 20 eq. Ce(IV) by hand in HNO3 and 






Figure                                                                                                                             Page 
3.3.5 A. X-Band EPR of 0.25 mM BD[3,4] with 20 eq. Ce(IV) in H2O freeze-
quenched at different time intervals. B. X-Band EPR of 0.25 mM BD[3,4] with 20 
eq. Ce(IV) in D2O freeze-quenched at different time intervals. C.  UV-Vis 
absorbance curve at 481 nm showing times at which samples were freeze-
quenched in H2O and D2O. (The inflection points of both absorbance curves are 
shown in blue.) ........................................................................................................... 82 
3.4.1 A. Protonation scheme of BD [3,4] at different pHs. B. Resonance Raman with 
excitation at 532 nm of the blue dimer [3,4] at pH 0, pH 1 and pH 7 ........................ 86 
3.4.2 Resonance Raman with excitation at 532 nm of the blue dimer [3,4] in regular 
and 18O-enriched water recorded at 100 K. Sample is 1 mM [3,4] solution in 0.1 M 
HNO3 .......................................................................................................................... 86 
3.4.3 Resonance Raman spectra (excitation at 532 nm, recorded at 100 K)(A) reaction 
mixture of BD [3,4] (0.25 mM solutions in 0.1 M HNO3) with excess (20 eq) of 
Ce(IV) freeze quenched at 100 ms, 397 ms, 4 s, 7 s and 15 s .................................... 89 
3.4.4 Resonance Raman spectra (excitation at 532 nm, recorded at 100 K) of the 
reaction mixture of BD [3,4] (1 mM solutions in 0.1 M HNO3) with excess (20 eq) 
of Ce(IV) manually mixed and quickly frozen (A) regular and (B)H218O enriched 
water. Sample contain mixture of [4,5] and [3,4]-peroxo species. (C) Difference 
spectra obtained by subtracting spectrum in regular water from that obtained in 
18O enriched water ...................................................................................................... 90 
3.4.5 Resonance Raman spectra (excitation at 532 nm, recorded at 100 K) of reaction 
mixture of BD [3,4] (0.25 mM solutions in 0.1 M DNO3) with excess (20 eq) of 
Ce(IV) freeze quenched at 2.2 s, 3 s, 4 s, 11 s and 25 s.  ........................................... 91 
3.4.6 Possible structures for the oxygen-evolving intermediate BD[3,4]-prime .............. 92 
3.4.7 Resonance Raman spectra (excitation at 532 nm, recorded at 100 K) of BD [3,4]-
prime intermediate (1 mM solutions in 0.1 M HNO3) in H216O enriched water 
,H218O enriched water and mixture of 50 % H216O enriched water  and 50 % H218O 
enriched water  and most likely possible structure of BD[3,4]-prime intermediate .. 93 
3.4.8 Resonance Raman with excitation of 532 nm of the blue dimer [3,4]-prime 
intermediate melted to give BD[3,4] and complete its catalytic cycle. Series of 
Raman measurements carried out while melting BD[3,4]-prime is in good 
agreement with EPR measurements carried out to determine the stability of this 






Figure                                                                                                                             Page 
3.4.9 A. Resonance Raman with excitation at 532 nm of BD[3,4], BD[3,4]-prime and 
change in Raman when 1 eq Ru3+ is added to BD[3,3] initially or to BD[3,4] prime. 
B. Resonance Raman of BD[3,4], BD[3,4] prime and BD[3,3] with excess Ce(IV) in 
comparison with Raman when 0.1 eq. and 1 eq. Ru3+ from [Ru(bpy)3]3+ is initially 
added.  ........................................................................................................................ 96 
3.4.10 Resonance Raman measurements of 0.25 mM BD[3,4] with 20 eq. Ce(IV) in 
HNO3, pH 1 freeze quenched at 7 s and prepared by hand within 30 s in 100 % 
H216O and mixture of 50 % H216O and H218O ............................................................ 98 
3.5.1 Uv-Vis absorbance kinetics of the hexaaqua cobalt(III) solution prepared from 
the [Co(NH3)6][Co(CO3)]3 double salt ..................................................................... 103 
3.5.2 A. EPR Spectra of the BD[4,5] obtained with freeze quench (0.5 mM in 1 mol 
DNO3) at 2 sec, 4 sec and 30 sec freezing time, Insert: Stopped flow UV-Vis 
absorbance of BD[3,4] with excess eq. Ce(IV) at 483 nm. ...................................... 104 
3.5.3 Comparison of X-Band EPR of BD[4,5] prepared at pH 1 as described in 
Chapter 3.1 with BD[4,5]-prime prepared at pH 0  in DNO3 with excess 
hexaaquacobalt(III) at pH 0 in CF3SO3H … ............................................................ 105 
3.5.4 Comparison of XANES of BD[4,5] prepared at pH 1 as described in Chapter 3.1 
with BD[4,5]-prime prepared at pH 0  in DNO3 with excess  Ce(IV) and with 
hexaaquacobalt(III) at pH 0 in CF3SO3H … ............................................................ 106 
3.5.5 Result of the Ru-O-Ru angle determination for blue dimer [4,5], pH 1 and 
BD[4,5]-prime prepared in DNO3 and with hexaaquacobalt(III) ............................ 108 
3.5.6 Fourier transforms of k3-weighted Ru EXAFS and corresponding fits 7 in 
(Tables B.1, B.2, B.3 shown in Appendix) of BD[4,5] pH 1 and BD[4,5]-prime 
prepared in DNO3 and with hexaaquacobalt(III) ..................................................... 108 
3.5.7 A. Kinetics of O2 evolution recorded with oxygen electrode immersed into the 
solution of blue dimer [3,3] (0.1 mM in 0.1 M HNO3) and solution of blue dimer 
[3,3] with 1 eq. Ru3+ from [Ru(bpy)3]3+ after addition of 20 equiv of Ce(IV) B. X-
Band EPR spectra (20 K) of 1 mM blue dimer [3,3]with Ru3+ addition with excess 
Ce(IV) in comparison with BD[3,4] and BD[3,4]-prime. ........................................ 112 
3.5.8 X-Band EPR at 20 K of BD[3,4], BD[3,4] prime, BD[3,4]-prime with 1eq. Ru3+ 
and BD[3,3]  with 1 eq. Ru3+ and 3 eq. Ce(IV) (1 mM in 0.1 mol HNO3) .............. 113 
4.1 A. Structure of the single-site water-oxidizing catalyst [RuII(L)(4-pic)2(OH2)]2+ (L 
= 4-t-butyl-2,6-di(1',8'-naphthyrid-2'-yl)pyridine, pic = 4-picoline). B. Catalytic 




Figure                                                                                                                             Page 
4.2 A. UV-Vis absorbance of RuII from [RuII(L)(4-pic)2(OH2)]2+ with successive 
stoichiometric equivalents of Ce(IV) B. Stopped-flow Uv-Vis absorbance of 
RuIIwith excess Ce(IV) monitored over a period of 100 sec. C. X-band EPR 
spectra (25K) of 0.5 mM solution of [RuII(L)(4-pic)2(OH2)]2+ in 0.1 M HNO3 
(pH=1) frozen within 30 sec (black line) after addition of 1, 2 or 3 ,4, 5 and excess 
(20) eq. of Ce(IV) ..................................................................................................... 119 
4.3 A. Stopped-flow UV-Vis kinetics of 0.5 mM [RuII(L)(4-pic)2(OH2)]2+  with excess 
Ce(IV) in 0.1 mol HNO3 at 512.5 nm C. X-band EPR (25K) of 0.5 mM 
[RuII(L)(4-pic)2(OH2)]2+  oxidized with 20 eq of Ce(IV) in 0.1 mol HNO3 and 
freeze-quenched at indicated time intervals in A.  ................................................... 121 
4.4 X-band EPR spectra (25K) of 0.5 mM solution of [RuII(L)(4-pic)2(OH2)]2+in 0.1 M 
HNO3 (pH=1) frozen within 30 sec (black line) after addition of 1, 2 or 3 eq. of 
CeIV and melted for 1 min (red line)  ....................................................................... 122 
4.5 Resonance Raman with excitation at 532 nm of 0.5 mM  [RuII(L)(4-pic)2(OH2)]2+ 
in 0.1 mol HNO3 with excess Ce(IV) complex prepared in regular and 18O-
enriched water and recorded at 100 K. ..................................................................... 124 
4.6 A Ru K-Edge XANES of 0.5 mM [RuII(L)(4-pic)2(OH2)]2+oxidized with 20 eq of 
Ce(IV) in 0.1 mol HNO3 and freeze-quenched at indicated time intervals. RuV 
designates the spectrum of the RuV reference compound B. More detailed Ru K-
edge of 0.5 mM Ru(II) oxidized with 20 eq. of Ce(IV) in 0.1 mol HNO3 and 
freeze quenched from 1-5 s C. Fourier transforms of k3-weighted Ru EXAFS of 
0.5 mM RuII(L)(4-pic)2(OH2)]2+  with excess Ce(IV) in 0.1 mol HNO3 freeze-
quenched at 1,12 and 30 s. The arrow represents the shift in the first coordination 
shell indicating presence of a shorter distance. ........................................................ 125 
4.7 Fourier transforms experimental (solid lines) and fitted (dashed lines  RuIIH2O 
from   [RuII(L)(4-pic)2(OH2)]2+ (Fit 5, table C.1) in comparison with XRD fits,  Ru 
III H2O from 1 eq. Ce(IV) oxidation to [RuII(L)(4-pic)2(OH2)]2+ (Fit 11, Table 
C.1), RuIIH2O with excess Ce(IV) freeze-quenched within 1sec (Fit 16, Table C.1) 
and  3 sec(Fit 20, Table C.1) .................................................................................... 128 
4.8  Fourier transforms experimental (solid lines) and fitted (dashed lines) of   RuIIH2O 
with excess Ce(IV) freeze-quenched within 5 sec (Fit 24, Table C.1, 12 sec (Fit 
28, Table C.1), 30 sec (Fit 33, Table C.1) and 15 min (Fit 38, Table C.1).  ............ 129 
5.1 Proposed schematic of the catalytic cycle of A. mononuclear Ru(II) complex, 
[Ru(II)(bpy)(tpy)Cl]+ for freshly dissolved Ru(II) and B. [RuII(bpy)(tpy)(H2O)]2+  
complex .................................................................................................................... 133 
5.2 A.UV-Vis absorbance measurements of Ru(II)Cl and Ru(II) H2O B. UV-Vis 
absorbance of Ru(III) formed from Ru(II)Cl after successive titrations with 
Ce(IV). ..................................................................................................................... 134 
 
 xviii 
Figure                                                                                                                             Page 
5.3 A. Arbitrary X-Band EPR spectra (20 K) comparison of Ru(II)Cl in starting 
complex [Ru(II)(bpy)(tpy)Cl]+ with 1 eq. Ce(IV) oxidation and Ru(II)H2O in 
[RuII(L)(4-pic)2(OH2)]2+ with 1 eq. Ce(IV) prepared within 30 seconds of mixing 
(1 mM, pH 1) B. Scaled EPR comparison of Ru(II)Cl + 1 eq.Ce(IV) and 20 eq. 
Ce(IV) (1 mM, pH 1) prepared within 30 sec of mixing C. Scaled EPR 
comparison of Ru(II)H2O + 1 eq. Ce(IV) and 20 eq. Ce(IV)  (1 mM, pH 1) 
prepared within 30 sec of mixing…. ........................................................................ 136 
5.4. Normalized Ru K-edge XANES of the starting Ru(II)Cl, Ru(II)H2O complex . 
Oxidized Ru(II)Cl with with 1 eq. and excess Ce(IV) frozen within 2 min are 
shown. Ru(II)H2O with excess Ce(IV) frozen within 30 s is also shown. Reference 
compounds are blue dimer [3,3] Ru(IV) oxide and standard Ru(V) powder B.  
XANES spectrum comparison of Ru(II)Cl with excess Ce(IV) frozen with 2 min, 
20 min and 24 hours. C. Fourier transforms of k3-weighted Ru EXAFS of Ru(II)Cl 
and Ru(II)H2O starting complex as well as oxidized intermediates of Ru(II) Cl 
with excess Ce(IV) frozen within 2 min, 20 min and 24 hours. EXAFS of 
Ru(II)H2O with excess Ce(IV) (30 s) is also shown to indicate absence of Ru-Cl 
interaction. ................................................................................................................ 139 
5.5. Fourier transforms experimental (solid lines) and fitted (dashed lines  Ru(II)Cl 
from   [Ru(II)(bpy)(tpy)Cl]+ (Fit 3, table D.1) in comparison with XRD fits, 
Ru(II)Cl with excess Ce(IV) freeze-quenched within 2 min (Fit 13, Table D.1) , 20 
min (Fit 16, Table D.1), 24 hours (Fit 19, Table D.1, Ru (II) H2O from [RuII(L)(4-
pic)2(OH2)]2+ (Fit 7, Table D.1) and Ru(II)H2O with excess Ce(IV) freeze-
quenched within 30 s (Fit 22, Table D.1) ................................................................. 142 
5.6 Cl K-edge of A. Ru(II) starting complex [Ru(II)(bpy)(tpy)Cl]+ left in water 
medium for 2 min, 30 min and 4 hours in comparison with NaCl  B. Ru(II)Cl in 
H2O dissolved in water for 2 min in comparison with  Ru(II) Cl with 1 eq Ce(IV) 
frozen with 2 min, 30 min and 4 hours. C. Ru(II)Cl dissolved in water for 2 min in 
comparison with Ru(II)Cl with excess (20 eq.) Ce(IV) frozen within 2 min, 30 
min and 4 hours.  ...................................................................................................... 145 
5.7 Ru L-edge XANES of Ru(II)Cl in H2O dissolved for 2 min in comparison with 
Ru(II)Cl with 1 eq. Ce(IV) and 20 eq. Ce(IV) frozen within 30 min. Ru L-edge 
XANES of Ru(II)H2O with 20 eq. Ce(IV) frozen within 30 s is also shown for 
comparison purposes.  .............................................................................................. 146 
6.1 Proposed preliminary catalytic cycle of mononuclear [Ru(bda)(pic)2] complex ..... 150 
6.2 X-Band EPR spectra (20 K) of 0.5 mM [Ru(bda)(pic)2] in dichloroethane and 0.5 
mM [Ru(III)(bda)(pic)2] dissolved in water. EPR spectra of 0.5 mM 
[Ru(III)(bda)(pic)2] with 3 eq and 20 eq. oxidant in 0.1 mol CF3SO3H freeze-
quenched within 30 sec and 5 min are also shown.  ................................................ 151 
 
 xix 
Figure                                                                                                                             Page 
6.3 A. Ru K-Edge XANES of 0.5 mM of stable [Ru(III)(bda)(isoq)2]  dissolved in 
water and 0.5 mM [Ru(II)(bda)(isoq)2] oxidized with 1 eq, 3 eq. and 20 eq. Ce(IV) 
in 0.1 mol B. More detailed Ru K-edge of 0.5 mM Ru(II) and Ru(III) oxidized 
with 20 eq. Ce(IV) in comparison with standard Ru compounds RuO2 and Ru(V) 
powder. ..................................................................................................................... 152 
6.4 Resonance Raman with excitation at 638 nm of  A. 0.5 mM  [Ru(III)(bda)(isoq)2] 
in 0.1 mol CF3SO3H and with excess Ce(IV) freeze-quenched within 30 sec. B. 
0.5 mM [Ru(III)(bda)(isoq)2] in 0.1 mol CF3SO3H with excess Ce(IV) freeze-
quenched at 30 sec and 5 min .................................................................................. 153 
6.5 A. Fourier transforms experimental (solid lines) and fitted (dashed lines) of 
[Ru(bda)(isoq)2]  starting stable complex dissolved in water. B. Result of the Ru-
O-Ru angle determination for Ru(III)-O-O-Ru(III) plotted as a function of the Ru-
O-Ru angle. The angle is determined to be the one that provides accurate 
coordination number.  .............................................................................................. 154 
6.6 Fourier transforms of k3-weighted Ru EXAFS of proposed Ru(III)OORu(III) from 
[Ru(bda)(isoq)2]  starting stable complex dissolved in water and and 
Ru(IV)OORu(IV) peroxo dimer formed by adding excess Ce(IV) oxidant to 
[Ru(bda)(isoq)2]  in water ........................................................................................ 155 
7.1 Structure of the Tris(bipyridine) (ruthenium(II) dichloride  [Ru(bpy)3]Cl ............... 158 
7.2 Schematic of the photocatalytic oxidation by water by the [Ru(bpy)3]2+ - Catalyst 
System ...................................................................................................................... 159 
7.3 Experimental Set up for Ru(II) bipyridine chlorination ........................................... 160 
7.4 A. EPR of a mixture of 20 % [Ru(bpy)3]3+ and 80 % Ru chlorinated solution. B 
XANES comparison of [Ru(bpy)3]2+, Ru(bpy3)3]3+ and Ru(III) chlorinated solution 
C.Fourier transforms of k3-weighted Ru EXAFS of [Ru(bpy)3]2+ , Ru(bpy3)3]3+ 
and Ru(III) chlorinated solution ............................................................................... 162 
7.5 Fourier transforms and fits of k3-weighted EXAFS of the [Ru(bpy)3]2+, 
[Ru(bpy)3]2+ and the Ru(III) chlorinated solution .................................................... 164 
7.6 Possible Configuration of the chlorinated compound Ru(bpy)3(ClO4)3.OOH ......... 165 
8.1 Mechanism and Energy Diagram for blue dimer water oxidation proposed by 
      Siegbahn and coworkers… ....................................................................................... 172 
8.2 A. Ru L3 and L2 edge of [Ru(II)Ru(II)-OH2]4+ and [Ru(II)Ru(IV)-OO]4+ Ru 
complexes immobilized on electrode surfaces (Indium, tin oxide glass slide) C. Ru K-




Figure                                                                                                                   Page 
A.1 Result of the Ru-O-Ru angle determination for blue dimer [3,3] and [3,4] powders. 
Coordination numbers are plotted as a function of the Ru-O-Ru angle…………....189 
A.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of (a) [3,3] powder (Fit 5, Table A.1), (b) [3,3] solution (Fit 11, Table A.1), 
(c) [3,4] powder (Fit 18, Table A.1), (d) [3,4] solution (Fit 25, Table A.1), (e) [4,5] 
solution (Fit 31, Table A.1), (f) [3,4]’ solution (Model 1, Table A.2) ..................... 197 
A.3 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of (a) [3,3] powder (Fit 5, Table A.1), (b) [3,3] solution (Fit 11, Table 
A.1), (c) [3,4] powder (Fit 18, Table A.1), (d) [3,4] solution (Fit 25, Table A.1), 
(e) [4,5] solution (Fit 31, Table A.1), (f) [3,4]’ solution (Model 1, Table A.1) ....... 197 
A.4 [A] BD [3,4]’ solution (A) EXAFS fourier transforms (B) Back fourier 
experimental and fitted lines q Re[χ(k)]  (C) Back fourier experimental and fitted 
lines k3 χ(k) for Model 1 shown  in Table 3.1.3 and Appendix Table A.2 ............... 203 
B.1 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of (a) BD[4,5], pH 1 (Fit 7, Table C.1), (b)BD[4,5]-prime prepared from 
hexaaquacobalt(III) (Fit 7, Table C.2), (c) BD[4,5]-prime prepared by freeze-
quench trapping at pH 0 in DNO3 (Fit 7, Table C.3)  .............................................. 203 
B.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of(a) BD[4,5], pH 1 (Fit 7, Table C.1), (b)BD[4,5]-prime prepared from 
hexaaquacobalt(III) (Fit 7, Table C.2), (c) BD[4,5]-prime prepared by freeze-
quench trapping at pH 0 in DNO3 (Fit 7, Table C.3) ............................................... 203 
C.1 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) (dashed lines  RuIIH2O from   [RuII(L)(4-pic)2(OH2)]2+ (Fit 5, table C.1) in 
comparison with XRD fits,  RuIII H2O from 1 eq. Ce(IV) oxidation to [RuII(L)(4-
pic)2(OH2)]2+ (Fit 11, Table C.1), RuIIH2O with excess Ce(IV) freeze-quenched 
within 1sec (Fit 16, Table C.1) , 3 sec(Fit 20, Table C.1), 5 sec  (Fit 24, Table C.1, 
12 sec (Fit 28, Table C.1), 30 sec (Fit 33, Table C.1) and 15 min (Fit 38, Table 
C.1). All samples were prepared at 0.5 mM in 0.1 mol HNO3. ............................... 207 
C.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of (dashed lines  RuIIH2O from   [RuII(L)(4-pic)2(OH2)]2+ (Fit 5, table 
C.1) in comparison with XRD fits,  Ru III H2O from 1 eq. Ce(IV) oxidation to 
[RuII(L)(4-pic)2(OH2)]2+ (Fit 11, Table C.1), RuIIH2O with excess Ce(IV) freeze-
quenched within 1sec (Fit 16, Table C.1) , 3 sec(Fit 20, Table C.1), 5 sec  (Fit 24, 
Table C.1, 12 sec (Fit 28, Table C.1), 30 sec (Fit 33, Table C.1) and 15 min (Fit 





Figure                                                                                                                   Page    
D.1 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of (a) Ru(II)Cl (Fit 7, Table D.1), (b) Ru(II)H2O (Fit 7, Table D.1), (c) 
Ru(II)Cl with 1 eq. Ce(IV) (2 min) (Fit 10, Table D.1), (d) Ru(II)Cl with 20 eq. 
Ce(IV) (2 min) (Fit 13, Table D.1), (e) Ru(II)Cl with 20 eq. Ce(IV) (20 min) (Fit 
16, Table D.1) (f) Ru(II)Cl with 20 eq. Ce(IV) (24 hrs) (Fit 19, Table D.1) (g) 
Ru(II)H2O with 20 eq. Ce(IV) (30 s) (Fit 22, Table D.1)  ....................................... 211 
D.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of (a) Ru(II)Cl (Fit 3, Table D.1), (b) Ru(II)H2O (Fit 7, Table D.1), (c) 
Ru(II)Cl with 1 eq. Ce(IV) (2 min) (Fit 10, Table D.1), (d) Ru(II)Cl with 20 eq. 
Ce(IV) (2 min) (Fit 13, Table D.1), (e) Ru(II)Cl with 20 eq. Ce(IV) (20 min) (Fit 
16, Table D.1) (f) Ru(II)Cl with 20 eq. Ce(IV) (24 hrs) (Fit 19, Table D.1) (g) 
Ru(II)H2O with 20 eq. Ce(IV) (30 s) (Fit 22, Table D.1)  ....................................... 212 
E.1 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of [Ru(bpy)3]2+, [Ru(bpy)3]3+ and Ru chlorinated product ............................... 214 
E.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 







LIST OF ABBREVIATIONS 
HNO3: Nitric Acid 
 
CF3SO3H: Trifluoromethanesulfonic acid 
 
Ce(IV): Ammonium Cerium(IV) nitrate 
 
PS II: Photosystem II 
 
OEC: Oxygen Evolving Complex 
 
EPR: Electron Paramagnetic Resonance 
 
XAS: X-Ray Absorption Spectroscopy 
 
XANES: X-Ray Absorption Near Edge Structure 
 






Moonshiram, Dooshaye. Ph.D., Purdue University, December 2013. Spectroscopic 
Characterization of Ru-Based Catalysts for Artificial Photosynthesis.  Major Professors:  




Utilization of sunlight requires solar capture, light-to-energy conversion and storage. 
One effective way to store energy is to convert it into chemical energy by fuel-forming 
reactions, such as water splitting into hydrogen and oxygen. Ruthenium complexes are 
among few molecular-defined catalysts capable of water splitting. Insight into the 
mechanism of their action will help to design future robust and economically feasible 
catalysts for light-to-energy conversion.  Mechanistic insights about the design of such 
catalysts can be acquired through spectroscopic analysis of short-lived intermediates of 
catalytic water oxidation. Development of time-resolved approaches through stopped 
flow UV-Vis Spectroscopy to follow the catalysis of water oxidation is critical for 
understanding the dynamics of this reaction. In addition, use of techniques sensitive to 
the electronic states of molecules such as EPR and X-ray absorption spectroscopy (XAS) 
is implemented to determine the electronic requirements of catalytic water oxidation. 
Parallel Resonance Raman and oxygen evolution measurements are carried out to follow 
particular vibrations and confirm the presence of certain intermediates under conditions 
of active O2 evolution. 
Spectroscopic characterization of the first ruthenium-based catalyst for water 
oxidation, known as the “blue dimer”, + cis,cis[(bpy)2(H2O)-RuIIIORuIII(OH2)(bpy)2]4+ 
(bpy is 2,2-bipyridine)as well as single-site ruthenium catalysts, [RuII(L)(4-
pic)2(OH2)]2,(L = 4-t-butyl-2,6-di(1',8'-naphthyrid-2'-yl)pyridine, pic = 4-picoline), 
[Ru(bpy)(tpy)Cl]+ (tpy is terpyridine),  and [Ru(bda)(isoq)2] ] (H2bda = 2,2’-bipyridine-
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6,6’-dicarboxylic acid; isoq = isoquinoline) are carried out. These catalysts may be 
considered as artificial analogs of the oxygen-evolving complex (OEC) in the 
Photosystem II in green plants as they all undergo oxidative activation by proton coupled 
electron transfer (PCET) to reach higher oxidation states where water oxidation occurs. 
Intermediates of water oxidation are prepared chemically by oxidation of Ru-complexes 
with defined number of Ce (IV) equivalents and freeze-quenched at controlled times.  
We demonstrate that correlated UV-Vis stopped flow, EPR, X-Ray Absorption 
Spectroscopy and O2 evolution measurements on the blue dimer water oxidation catalyst 
oxidized through single and multiple catalytic turnovers result in characterization of a 
new reactives intermediate denoted as BD[3,4]4+-prime and BD[4,5]4+. EXAFS analysis 
demonstrated a considerably modified ligand environment in those intermediates as 
compared to stable intermediates BD[3,3] and BD[3,4].  During O2 evolution at pH 1, 
most of the blue dimer catalyst exists of BD[3,4]-prime suggesting that it is a key oxygen 
evolving intermediate in the catalytic cycle where oxidation is a rate limiting reaction 
under the conditions of the experiments. Furthermore, Raman measurements gave strong 
support for the presence of a Ru-O stretch in the Ru-OOH peroxide fragment of BD[3,4]-
prime. Extended x-ray absorption fine structure (EXAFS) analysis carried out on BD[4,5] 
as well as resonance Raman confirmed the assignment of its oxidation state and presence 
of a short Ru=O bond. Presence of a short Ru=O was also confirmed by EPR for 17O 
labeled BD[4,5] which provided further insights into its electronic structure, 
demonstrating high spin density on the RuV=O oxygen.  
The H2O/D2O kinetic isotopic effects in water oxidation by the blue dimer are 
investigated and a kinetic isotope effect for blue dimer water oxidation reaction in D2O 
determined to be between 2.1-2.5 by combined UV-Vis stopped flow and EPR analysis. 
This study showed that the mechanism of O-O bond formation is atom proton transfer 
and revealed that the rate limiting steps in the overall catalytic cycle is not the O-O bond 
forming step consistent with the rate limiting oxidation of the oxygen evolving 
intermediate BD[3,4]-prime by Ce(IV). We also show that electron transfer processes in 
blue dimer water oxidation catalyst can be optimized by use of the photosensitizer 
[Ru(bpy)3]2+. This photosensitizer can work by redox shuttle mechanism and speed up 
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several oxidation steps. These results are significant as they demonstrate that a redox 
mediator such as [Ru(bpy)3]3+ can shorten the lifetime of the BD[3,4]-prime oxygen 
evolving intermediate while enhancing the catalyst’s oxygen evolution rate. Information 
obtained here about the physical, chemical, structural and electronic states of the reactive 
intermediates in the blue dimer catalytic cycle is critical and can contribute to the 
catalyst’s optimization for better performance, as demonstrated by use of the electron-
transfer mediator [Ru(bpy)3]3+. 
Single-site catalysts have also been shown to be active in water oxidation and are 
attractive model compounds for both experimental and theoretical studies of water 
oxidation as they show improved catalytic activity compared to “blue dimer”. Although 
formation of metal bound peroxides as the result of O-O coupling has been implicated in 
the mechanism of catalytic water oxidation by Photosystem II oxygen evolving complex 
and in Ru-based catalysts, such intermediates were never isolated. Spectroscopic 
characterization of the electronic structure and molecular geometry of suspected peroxo 
intermediates and RuIV=O intermediates in single site water-oxidizing complexes 
complex [RuII(L)(4-pic)2(OH2)]2+ and [Ru(bda)(isoq)2] are reported for the first time. We 
also report that Ru-bound peroxide is formed by [RuIV(L)(4-pic)2=O]2+ rather than 
[RuV(L)(4-pic)2=O]3+ reaction with water which takes place on a 10-100 seconds time 
scale. Highly oxidized RuV=O intermediates have been implicated in the mechanism of 
water oxidation with Ru-based catalysts. Explanation of the origin of the 
[RuIV(L)(4pic)2=O]2+ reactivity towards O-O bond formation awaits further investigation; 
however we provide interesting structural and electronic insights about highly reactive 
and unstable intermediates in monomeric Ru complexes which were never isolated 
before.  
Aside from investigating the peroxo intermediates in single-site Ru catalysts, simple 
ligand exchange from a Ru-Cl to a Ru-H2O bond on a mononuclear Ru(II)polypiridine 
catalyst was also observed. We demonstrate that the [Ru(bpy(tpy)Cl]+ catalyst cannot 
function as a water oxidation catalyst if freshly dissolved and immediately oxidized. Such 
type of XAS analysis at Ru L-edge and Ru K-edge show interestingly that the 
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spontaneous reactivity and characterization of a Ru(H2O) aqua complex can only occur if 
a Ru(II)Cl polypiridine catalyst is incubated in water for a period of at least 4 hours. 
Lastly, we demonstrate that chlorination of the photosensitizer [Ru(bpy)3]2+ result in 
a chlorinated product which show possible configuration of Ru(bpy)3(ClO3)3OOH 
peroxo product from EXAFS analysis. EXAFS fits indicate that addition of a Ru-peroxo 
distance improve the quality of the fit considerably. Such results proved to be extremely 
interesting as the chlorinated product had the same EPR signal as the peroxo species 
observed in monomeric Ru complexes [RuII(L)(4-pic)2(OH2)]2+ and [Ru(bda)(isoq)2]. 
Structure of this chlorinated product through XRD will  undeniably shed more 
understanding on the catalytic cycle of monomeric Ru complexes which are by far 
efficient than the blue dimer. 
In summary, this thesis outlines the structure and electronic configurations of the 
critical intermediates of water oxidation by catalytically active ruthenium complexes. 
Proposed spectroscopic approaches shown in this project have outstanding potential of 
uncovering the mechanism of the water splitting reaction and allow identification of the 















Several concerns have been raised regarding the energy problem over the past years. 
Rick Smalley, nobel prize laureate, emphasized how “energy is the single most important 
problem facing humanity today”[1]. The United Nations General Assembly declared 
2012 to be the “International Year of Sustainable Energy for All” recognizing that access 
to modern affordable energy services is important to achieving our “Millenium 
Development goals” [2]. According to the world assessment report, with the growth of 
world population as well as world economy, the energy usage is expected to double from 
12.8 TW to 28-35 TW [3] from the year 2000 to year 2050. Currently petroleum, coal 
and natural gas are the principles energy supplies and primary reasons for CO2 emissions 
in the atmosphere. The current level of CO2 has exceeded over 387 ppm[4] due to 
combustion of fossil fuels being used mainly in automobiles and power generation 
factories. Although many technologies are proposed as solutions for addressing the 
energy and climate change problems, increased burning of carbon-based fuels such as oil, 
coal and natural gas only have severe and adverse environmental consequences.  
 In view of these statistics and economical and socio-political consequences of the 
shortage of fossil fuels, the achievement of laudable goals by the UN can be met by 
drawing inspiration from natural photosynthesis which provides the bulk of our food and 
energy[2]. Photosynthesis exploits the abundant energy of the sun which hits the surface 
of the earth by far than our human needs. Solar energy has a vast potential as a clean, 
abundant and economical energy source, however utilization of sunlight requires solar 
energy, light-to-energy conversion and storage.  
 The efficient production of a clean, storable “solar fuel” represents a very 
important breakthrough in scientific research [5]. Energy storage systems can be divided 
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into four sectors namely mechanical, bio-chemical, electrical and thermal forms. 
Recently much effort has been invested at the conversion of solar energy into electricity 
and development of efficient light trapping schemes in solar cells [6].  
One effective way to store solar energy is to convert it into chemical energy by fuel-
forming reactions, such as water splitting into hydrogen and oxygen (1.1) or water 
reduction of CO2 to metal or hydrocarbons (1.2).  
2 H2O + 4 hʋ →  O2 + 2 H2                                                                                            
 
(1.1) 
2 H2O + CO2 + 6 hʋ →  CH3OH + 3/2  O2                                                                                            
 
(1.2)
        Hydrogen is considered as being the ideal fuel as it only generates water upon 
combustion. In photosynthesis, photosystem II (PS II) is a natural catalyst that captures 
sunlight and couples its energy to drive water splitting with a record efficiency greater 
than 60 % [7].  Light-driven water splitting could be efficiently achieved by mimicking 
the molecular organization of the natural photosynthetic system[5]. Engineering 
photosynthesis into a building material or in a practical “light-to-fuel” device would 
constitute a major step towards addressing our energy problems. The end goal of 
photosynthesis should however not be restricted to building a light to fuel device, rather a 
full analysis of the structure and function of the natural photosynthetic process should be 
established at the molecular level[2]. Molecular mimics of natural photosynthesis can be 




Fig. 1.1 Total primary power consumed[3] in the year 2000 and 2050 according to the 
world assessment report. These figures are a measure of the mean burn rate of all energy 
consumed on the planet. 
1.2.  Catalytic Water Oxidation 
 Water oxidation is a complex four-electron, four-proton reaction. The energetic 
requirements for water decomposition into H2 and O2 depend on the number of electrons 
in the redox half reactions. Some of the reaction pathways involving a single electron 
transfer and OH• as an initial intermediate are shown below with higher thermodynamic 
potential (1.3 and 1.4). However the multi-electron and multi-proton reaction occurs at 
modest potential of 0.82 V (1.5). 
 




H2O + 2 H+ + 2 e- →  2 H2O, E0 = 1.35 V 
 
(1.4) 
O2 + 4 H+ + 4e- →  2 H2O, E0 = 0.82 V 
 
(1.5) 
 In order to maximize the efficiency, the H2O/O2 reaction has to be carried out as 
close as possible to its thermodynamic potential. This requires a mechanism where one 
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electron intermediates can be avoided and multiple redox equivalents can be accumulated 
at a single catalytic site or cluster. Currently, the most efficient catalyst that can carry out 
the water oxidation reaction is the oxygen evolving complex (OEC) of Photosystem II 
which contains a Mn4Ca cluster (Fig. 1.2 A, B) embedded in a finely tuned protein 
environment. With the aim of uncovering the mechanism of water oxidation, the OEC of 
Photosystem II, has been intensively studied by XRD [8-10], multiple spectroscopic [11-
15] and computational approaches [7, 16-20]. Recently a high-resolution structure of 
OEC was determined at 1.9 Å resolution [10](Fig. 1.2). The role of the OEC protein is 
currently still under active investigation. While the OEC is important for mechanistic 
studies, it is also important to explore other catalysts for the water oxidation reaction. 
 
Fig. 1.2 A. Stereo View of the Mn4CaO5 cluster and its ligand environment. B. Distances 
in (Å) between metal atoms and oxo bridges or water molecules. 
A variety of heterogeneous water oxidation catalysts have been identified including 
the metal oxides of Ru,[21, 22] Ir,[23, 24] Mn, and Co, whose activities can be enhanced 
in nanoparticle preparations,[25] and a mixed Co-phosphate[26] oxide. Though 
promising for practical applications due to their economic feasibility, the 3d transition 
metal oxides studied are still less active than the PS II Mn4Ca cluster. The surface 
complexity of heterogeneous water oxidation catalysts and protein complexity of PS II 
make elucidation of their catalytic mechanisms difficult.  
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     Study of homogeneous catalysts offers promise in providing valuable insights 
about the mechanism of the water oxidation reaction. Ruthenium-based molecular water 
oxidation catalysts have been known since the early 1980’s[27, 28]. Recently, a variety of 
stable ligands that can accommodate two Ru atoms have been developed, resulting in 
several catalytically active complexes [24, 29-32].To improve the stability of such 
complexes, it has been proposed that organic ligands be replaced with an “all-inorganic” 
environment as in POM (polyoxometalate) frameworks [32-36]. “Single-site” catalysts 
based on iridium and ruthenium have also been identified and detailed information about 
mechanism elucidated[37-41]. For the purpose of mechanistic studies, Ru-based catalysts 
are the best systems. This thesis will outline the molecular mechanism of the catalytic 
action of several Ru-based catalysts described in section 1.5. 
1.3. Mechanism of Water Oxidation 
 Several Ru based complexes have been developed as molecularly defined 
catalysts for water oxidation [27-29, 31, 32, 42, 43]. Ru-based catalysts shares 
similarities with the OEC as they both the significant demands of the water oxidation 
reaction by building up multiple oxidative equivalents by proton coupled electron transfer 
(PCET) [27-29, 42], while avoiding high-energy intermediates. In this thesis, we will 
present spectroscopic analysis on the blue dimer catalyst cis,cis-
[(bpy)2(H2O)RuIIIORuIII(OH2)(bpy)2]4+ (bpy is 2,2-bipyridine) which is also the most 
analyzed homogeneous system for catalytic water oxidation [24, 29, 44].  The blue dimer 
undergoes a similar catalytic cycle as the OEC. While the OEC is driven by four 
successive light excitations of a P680 chlorophyll dimer of PSII, the blue dimer catalytic 
cycle is hereby driven chemically by addition of the powerful oxidant ammonium cerium 
(IV) nitrate (Fig. 1.3). Four electrons are removed from the OEC to go through a cyclic 
sequence  known as the Kok cycle of five oxidation states denoted as S0 toS4[45]. 
Similarly, the blue dimer undergoes an analogous catalytic cycle (Fig. 1.3). More detailed 




Fig. 1.3 Schematic diagram of the Kok’s S-state cycle and corresponding cycle of the 
blue dimer showing the four oxidations steps necessary for water oxidation. (Adapted 
from [5, 45]) 
 Water oxidation reaction is thus critically important for development of energy 
solutions based on the concept of artificial photosynthesis. However, in spite of active 
research, the mechanism of water oxidation and the true requirements for this 
fundamental reaction and formation of the O-O bond remain to be established. Once the 
reaction barrier for this process is identified, future more economical catalysts can be 
designed to decrease this reaction barrier 
 
1.4. Suggested mechanism of O-O bond formation in PS II and Ru based Catalysts 
 There have been several proposed mechanisms for O-O bond formation in PS II 
[5, 18, 46-48]. Firstly a nucleophilic attack is suggested in the S4 state. This involves 
formation of a terminal MnV=O to be formed. Radical mechanisms are also proposed 
where an O-O bond is created between 2 radicals in the S4 state[5]. For instance DFT 
analysis of the reaction barrier for water oxidation in the OEC has shown that formation 
of the Mn-O• radicaloid intermediate is necessary to reproduce the experimentally 
observed activation energy for the water oxidation reaction [16, 45, 49-51] .Several 
experimental observations are suggestive for the formation of the Mn-O• radicaloid as a 
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species capable of reacting with H2O with formation of an O-O bond [11, 12] . However, 
no direct experimental demonstration was reported. The experimental difficulty lies in the 
short life time of the S3 state (OEC state in the Kok cycle) for which formation of the 
Mn-O• radicaloid fragment has been proposed [12, 17, 52] and in its high spin state 
which makes EPR measurements particularly challenging.  
 Also, a large body of previous work on Ru based catalysts such as the classic 
“blue dimer” has resulted in the formulation of a paradigm for water oxidation with 
oxidative activation by proton coupled electron transfer (PCET) to intermediates 
containing RuV=O a key feature[27, 28, 42, 44, 53-55]. Once formed, RuV=O species are 
proposed to be catalytically active towards oxygen-oxygen bond formation by reaction 
with water molecules to produce peroxidic intermediates. DFT analysis of BD [5,5] 
intermediate  in the blue dimer catalytic cycle for instance demonstrated unusually high 
spin density on the oxygens in the RuV=O fragment [45, 56, 57], and suggested that this 
property is important for reactivity towards water. In this thesis, we confirm the 
radicaloid character of the RuV=O moiety experimentally by analyzing spin density 
distribution as shown in Chapter 3.2. In addition, we show the step of the O-O bond 
formation in metal bound peroxides for the classic well known “blue dimer” (Chapter 
3.1) as well for the recently discovered “single-site” Ru catalysts (Chapters 4, 5 and 6). 
The structures of these peroxidic intermediates have not been determined yet in any 
catalytic system. As such, spectroscopic analysis shown in this thesis shows the 
possibility to generate Metal M-OOH peroxo intermediates. 
Spectroscopic techniques are used to study in situ generated intermediates of water 
oxidation in Ru based molecular catalysts. As described in chapter 2, short lived 
intermediates of water oxidation in Ru based catalysts are captured via stopped flow 
freeze-quench technique. The best techniques to study in situ reactive intermediates of 
water oxidation are synchrotron-based X-ray spectroscopy- including X-ray absorption 
near edge structure (XANES), extended X-ray absorption fine structure (EXAFS) and 
total electron yield. These techniques can give structural information about the 
intermediates and their electronic configurations and help in identifying the critical 
requirements for catalytic water oxidation. In addition, various techniques such as UV-
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Visible absorbance, Electron Paramagnetic Resonance (EPR) and Resonance Raman are 
used to probe the characteristics of the intermediates of water oxidation of Ru catalysts. 
The outline of this thesis as well as the studied catalysts is shown in section 1.5.  
1.5. Outline of this thesis 
 This thesis is divided into 8 sections. The first section including this outline 
contains general introductory material behind the concept of artificial photosynthesis, 
mechanism of water, and the motivation and background of this thesis. The second 
section (Chapter 2) describes the methodology and the techniques used to study in situ 
generated reactive intermediates of water oxidation. These include the proposed 
spectroscopic approaches that have the best potential to unravel the mechanism of water 
splitting reactions. Chapter 3-7 contains the bulk of this thesis and describes the structural 
and electronic configurations of the critical intermediates of water oxidation by 
catalytically active ruthenium complexes illustrated in Fig. 1.4. The targeted catalysts in 
this case are the ruthenium blue dimer catalyst cis,cis[(bpy)2(H2O)-
RuIIIORuIII(OH2)(bpy)2]4+ (bpy is 2,2-bipyridine), the mononuclear Ru(II) polypyridine 
catalysts,  [RuII(L)(4-pic)2(OH2)]2+ (1) (L = 4-t-butyl-2,6-di(1',8'-naphthyrid-2'-
yl)pyridine, pic = 4-picoline), Ru(II) complex, [Ru(bpy)(tpy)Cl]+ (tpy is terpyridine),  
and mononuclear Ru complex [Ru(bda)(isoq)2] (H2bda = 2,2’-bipyridine-6,6’-
dicarboxylic acid; isoq = isoquinoline). While dimeric blue dimer catalyst has a low 
turnover number of around 13.6[4], single site monomeric complexes have been reported 
to match the outstanding performance of the oxygen evolving complex in photosystem II 
and speed up the water oxidation reaction to an unprecedentedly high reaction and 
turnover frequency > 300 s-1 [43]. Hence it is important to study all types of catalytic 





Fig. 1.4 Molecular-define ruthenium catalysts studied in Chapters 3-7 
 Chapters 3, 4, 5 and 6 illustrate the catalytic cycles for the structures and 
electronic configurations of the critical intermediates of water oxidation by blue dimer 
and single site catalysts. This thesis show more detailed results about the blue dimer 
which is the most analyzed homogeneous system for catalytic water oxidation. Chapter 3 
is further divided into 5 sections. While Chapter 3.1 focuses on identifying a proposed 
catalytic cycle for this Ru complex, Chapter 3.2-3.5 yield more detailed structural 
information of these intermediates and their dynamics through EPR carried out in H217O, 
experiments conducted in D2O, time-resolved Resonance Raman analysis and mediator-
assisted water oxidation through the use of the [Ru(bpy)3]2+ photosensitizer. Chapter 7 
which is the last chapter of the results section provides some interesting insights on the 
nature of the peroxo EPR signal observed in all single-site catalysts. This chapter is 
important and follows the spectroscopic analysis shown in chapters 4-6. Although single-
site catalysts offer great promise towards identification of the critical requirements of 
catalytic water oxidation due to their high turnover rate and outstanding performance; 
spectroscopic characterization of these catalysts result in complex mixtures which are 
difficult to analyze. Chapters 3-7 bring forward a significantly improved amount of 
information on both dimeric and monomeric Ru catalysts which help to improve our 
understanding of the molecular mechanism of these catalysts.  
 Finally, chapter 8 summarizes the main points outlined in each chapter and 
illustrates how the proposed spectroscopic approaches carried out on 4 catalytically 
active ruthenium complexes have yielded structural information of the intermediates in 
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these catalysts and led to the identification of some of the critical requirements for 





Several techniques are used in parallel with one another in order to fully characterize 
the intermediates trapped by the blue dimer and single-site monomeric Ru catalysts. Each 
technique contributes towards a unique set of information, and as such all these 
techniques complement one another well to provide detailed information about the 
mechanism of the catalytic cycles of monomeric and dimeric catalysts. Five sets of 
techniques will be explained in this section namely UV-Vis absorbance spectroscopy, 
Electron Paramagnetic Resonance (EPR) spectroscopy, X-Ray Absorption Fine Structure 
(XAS) , Resonance Raman spectroscopy and Oxygen Evolution analysis. 
Conventional as well as Stopped-flow UV-Vis Spectroscopy are used to confirm the 
concentrations and purities of the absorbing Ru intermediates in solution and to 
determine the dynamics of the catalytic cycles, and the time scale as which each 
intermediate is being formed. EPR spectroscopy on the other hand provides an 
indispensable tool to monitor the purity of the prepared intermediates as this research 
technique has an excellent sensitivity to paramagnetic species even when present in 
complex mixtures. Valuable information obtained from EPR quantification, for instance, 
will be used in several chapters along the results section to deconvolute XAS spectra as 
well as observe the high spin density distribution on the oxygens of the intermediates by 
dissolving them in H217O water. Synchrotron-based X-ray spectroscopy including X-ray 
absorption near edge structure (XANES) and extended X-ray absorption fine structure 
(EXAFS) will yield structural and electronic information on each intermediate trapped 
along a catalytic cycle. For instance, Ru K-edge XANES will provide information about 
the Ru oxidation states whereas Ru K-edge EXAFS will yield structural information 
including distances between the absorber Ru atom and the back scatterer O,N and Ru 
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atoms. Ab initio EXAFS simulations allow the Ru-backscatterer distances to be extracted 
with an excellent accuracy of 0.02 Å and in this case, a very good resolution as well. 
Resonance Raman is also used to monitor the vibrational frequencies of the intermediates 
trapped along the blue dimer and single-site catalysts. Time-resolved Resonance Raman 
for instance allowed us to follow the bond formation dynamics of all intermediates shown 
in the scheme of a catalytic cycle as well as identify the vibrations with participation of 
oxygen atoms through isotopic labeling experiments. Lastly, oxygen evolution 
measurements are shown in this chapter to confirm the presence of certain intermediates, 
namely peroxide intermediates under conditions of active O2 evolution.  
2.2. UV-Vis Absorbance Spectroscopy and Stopped-Flow Measurements 
Most of the Ruthenium intermediates described in this thesis absorb light within the 
visible region between 400-700 nm. Ruthenium being a transition metal with atomic 
number 44, d electrons within the metal atoms can be easily excited from one electronic 
state to another. As mentioned in section 2.1, UV-Vis absorbance was often used in this 
thesis’s analysis to determine the concentration of the Ru absorbing species in the 
solution. This is determined by the Beer-lambert law[58] (2.1) which states that the 
absorbance of a solution is directly proportional to the concentration of the absorbing 
species in solution (2.1). 
LCA ε=  (2.1) 
 
 A is the measured absorbance, ε is the constant known as the molar absorptivity or 
extinction coefficient, and L is the pathlength through the sample. 
In addition, as mentioned above, conventional UV-Vis absorbance was also used as a 
basic check to monitor the purity of the Ru intermediates. This technique was 
complemented by EPR spectroscopy which is a more accurate technique for quantifying 
the percentage of EPR active spin ½ species.  
A Bio UV-Vis Spectrophotometer (Cary 300 Varian Inc.) was used to monitor UV-
visible spectra of the stable forms of Ru catalysts and lesser reactive forms of Ru 
intermediates. Concentrations of the ruthenium catalysts range from 0.5 – 2.5 x 10-4 M.  
A stopped flow UV-Vis Spectrometer (SX 20, Applied Photophysics Ltd) with a dead 
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time of 0.5 ms was also used to follow fast reactions and shorter lived reactions less than 
30 s. This technique was essential for following the dynamics of the catalytic cycle and 
determining the times at which pure Ru intermediates ought to be freeze-quenched for 
further EPR, XAS and Resonance Raman analysis. Interestingly, changes in the 
absorbance can be monitored from times as early as 1 ms after Ce(IV) additions. Cuvettes 
with path lengths of 2 mm and 10 mm can be used to study changes in the absorbance of 
concentrated 0.25 - 0.1 x 10-3 M and less concentrated samples 0.5 – 1 x 10-4 M, 
respectively with the stopped flow spectrometer. In order to measure samples using EPR, 
XAS and Resonance Raman, fast freeze-quenching of reaction mixtures was performed 
by using a stopped -Flow System (SFM 20, Bio-Logic Science Instruments). The 
apparatus is equipped with an umbilical connector with a built-in ejection nozzle at the 
end of the ageing loop which sprays the aged reaction mixtures into pre-cooled liquid 
pentane at -120 °C. This setup allows for freezing of reaction mixtures starting with 1 ms 
after reagent mixing. Samples were collected from liquid pentane with EPR, XAS and 
Raman collection kits. Oxidized intermediates were prepared from Ru catalysts by 
oxidation with Ce (IV). In order to ensure that intermediates do not react with pentane at 
-120°C, samples were also collected by spraying reaction mixtures into liquid nitrogen. 
However, liquid nitrogen provides slower freezing rate and was not be used for 
monitoring short (less than 2 sec) reactions.  
2.3. X-Ray Absorption Fine Structure Spectroscopy (XAFS) 
2.3.1. XAFS Theory 
XAFS spectroscopy is a unique tool for studying, at the atomic and molecular scale, 
the local structure around selected elements contained within a material[59]. The basic 
physical quantity measured in XAFS is the X-ray absorption coefficient µ(E), which 
describes how strongly x-rays are absorbed as a function of X-ray energy E. Generally 
µ(E) smoothly decreases as the energy increases (µ(E) ~ 1/E3), i.e. the X-rays becomes 
more penetrating [59]. XAFS can be described as a quantum mechanical phenomenon 
based on the photoelectric effect[60]. An incident photon on an atom within a sample is 
absorbed and is able to extract a core electron if its energy is equal to or greater than the 
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edge or absorption energy (Fig. 2.1) [59]. The ejected electron is called a photoelectron 
and has the characteristics of both a particle and a wave. Its kinetic energy is given by 
(2.2) where 
E = Ex – E0                                 (2.2) 
 
Ex is the X-ray photon energy and E0 is the edge/absorption energy. The wave vector 
modulus is given by (2.3) where 
E
h














Fig. 2.1 An X-ray photon having sufficient energy to liberate an electron from the low-
energy bound states in the atom  
If the absorbing atom is isolated, the photoelectron can propagate as an 
undisturbed isotropic wave as shown in Fig. 2.2. However, there are usually many atoms 
around the absorbing atom which can scatter the centers of the photoelectron wave. The 
final wave function of the photoelectron is thus given by the sum of original and scattered 
waves. In the case where there are other atoms around the absorbing atom (Fig. 2.2), the 
outgoing photoelectron wave is equal to the sum of the “black wave” emitted from the 




Fig. 2.2 Scattering Processes of Photoelectron Wave 
If the outgoing and scattered parts of the photoelectron wave function are in phase, 
πnkr 2)(2 =  (2.4) 
 
 when r is the distance from the absorber atom (k = 2nπ/λ and 2r = nπ). In this case 
of constructive interference, there is a larger probability of finding a photoelectron 
resulting in a stronger X-ray absorption. However when the outgoing and scattered 
photoelectron waves are out of phase, 
π)12()(2 += nkr  (2.5) 
 
the photoelectrons disappear and a weaker X-ray absorption is obtained [60]. 
XAFS is a broad term comprising several techniques such as EXAFS (Extended X-
ray Absorption Fine Structure), XANES (X-ray Absorption Near Edge Structure); 
NEXAFS (Near edge XAFS) and SEXAFS (Surface EXAFS) [59]. This thesis reports 
experiments using XANES and EXAFS at the K-edge energy as well as few experiments 
at the Ru L-edge. Ru K-edge with energy at 22-23 keV reflect the electronic transition 
from the 1s core state and is the only technique that can deliver structural information for 
reactive Ru catalysts with high precision as emphasized in section 2.1 [61]. Ru L-edge 
(2.7-2.8 keV) on the other hand reflect the electronic transitions from the 2 p core state to 
the empty states of both s and d character and can provide important electronic 
information with high sensitivity to the valence, orbital and spin state of the Ru ion and 
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its local symmetry[62]. Analysis of the local symmetry of the Ru ion obtained from Ru 
L-edge measurements are outside the scope of this chapter. However few Ru L-edge 
measurements will be shown in Chapter 5 to show that similar to Ru K-edge analysis, 
complexes with Ru in higher oxidation states also have their L-edge peaks shifted 
towards high energy. At present only the K-edge and L-edge are used to observe EXAFS. 
In principle, the n = 3 or higher shells can also be used[59]. The rest of this section will 
focus on XANES and EXAFS analysis at the Ru K-edge. 
 An experimental K-edge XAFS spectrum of Ru(II) solution (Fig. 2.3) can be 
divided into several energy regions: pre-edge, edge, XANES and EXAFS (extended 
structure). The pre-edge is a feature caused by electronic transitions to the empty bound 
state. Its transition probability is controlled by dipolar rules. For instance, a Ru(V) 
solution with a d3 geometry has a pre-edge unlike Ru(III) solution with a d5 geometry. 
The pre-edge contains information content about the local geometry around the absorbing 
atom, and is thus dependent on oxidation state and bonding characteristics[59, 63]. The 
edge region on the other hand defines the ionization threshold to continuum states. The 
edge region is also dependent on the oxidation state. For instance, the main edge shifts to 
higher energy with increased oxidation state. The XANES are features dominated by 
multiple-scattering resonances of the photoelectrons ejected at low kinetic energy[59]. 
They contain information about the atomic position of the neighboring atoms and 
intertomic distances.  
 XANES are sensitive to the chemical state of the sample being measured and also 
its site symmetry[60]. For instance, a sample with a tetragonal symmetry will have 
different XANES characteristics than that with an octahedral symmetry. In Chapter 7 for 
instance, we will show how the peculiar XANES spectrum of a Ru(III) intermediate 
generated chlorination of [Ru(II)(bpy)3]2+ suggests a different symmetry. Lastly, the 
EXAFS region is largely dependent on the structure. EXAFS oscillations when properly 
decoded can give structural information such as distances between absorber and all 
scatterer atoms[59]. In the case of Ru single-site catalysts shown in Section 2.3.4 and 




Fig. 2.3 Energy Regions of the XAS Spectrum 
2.3.2 Analytical Expression of the EXAFS Signal 
The final wave function of the photoelectron depends on the absorbed photon energy 
and can be written as a linear combination of the wavefunction outgoing the excited atom 
Ψout and the perturbing back scattered wave Ψsc[60]. Starting with the assumption that the 
absorption coefficient is proportional to the dipole approximation describing the 
interaction between core electron and hard x-ray photons, E.A Stern derived the 


























 Where k is given by the wave vector modulus of the photoelectron, Ni is the 
number of atoms at distance Ri from the absorber, the exponential )2(exp 22kσ− is due to 















on the other hand is due to the finite elastic mean free paths of 
photoelectrons λ(k). So2 is an average amplitude reduction factor whose value is the 
percentage weight of the main excitation channel with respect to all possible excitation 
channels. The amplitude reduction factor has a value between 0.8-0.9. )(kfi is the 
scattering amplitude characteristic of the ith atom. The oscillations in the EXAFS 
spectrum are reflected in the sinusoidal term )](2sin[ kkR iφ+ , where )(kiφ is the ab 
initio phase function for shell i. This sinusoidal term shows the direct relation between 
the frequency of the EXAFS oscillations in k-space and the absorber-backscatterer 
distance. For instance, )(kiφ can be expressed as the sum of 2 potential terms, 
)()(2)( kkk ii ϕδφ += ,where the former potential term in the phase function relationship 
is given by the absorber atom whereas the latter potential is given by the scatterer 
atom[60]. 
 
2.3.3 XAFS Experimental Procedure 
EXAFS experiments can be carried out in both transmission and fluorescence modes. 
The most common EXAFS beamline works in transmission and collects data by 
measuring how the beam intensity decreases as it passes through the sample[59]. The 
energy spectra is collected by scanning energy from around 200 eV below the absorption 
edge up to 1000 eV around it. The experiment set up for transmission measurement is 
shown in Fig. 2.4. X-rays are produced in the source. In this case, a bending magnet was 
used. The X-rays pass through an aperture before going through the monochromator The 
aperture consisting of a pair of slits is adjusted to control the size and energy resolution of 
the beam. The monochromator’s crystal can be aligned precisely for harmonic rejection. 
After entering the hutch, the beam passes through the gas in the gas ionization chambers 
where its intensity is measured. The gas ionization chambers are used to measure the 
incident beam when filled with appropriate gas mixtures. As shown from Fig. 2.4, the 
flux of the x rays incident on the sample of interest is measured by an ionization chamber 
(I0). On the other hand, the flux of x-rays transmitted through the sample is measured by 
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a second ionization chamber (I1). For a solid sample of uniform thickness, the absorption 
coefficient is given by the logarithmic proportion of the incident and transmitted current. 
The absorption coefficient takes into account the medium between the two ionization 
chambers such as air. Thus, taking the logarithmic is important to transform the 
extraneous factors into a background which can be easily substracted into the data 
analysis later.  As shown from Fig. 2.4, transmission measurement of a standard such as 
Ru metal foil is also taken simultaneously. 
 Fluorescence measurements are carried out using Lytle or Germanium detectors. 
Fluorescence is the most appropriate mode of X- ray detection for dilute samples, such as 
biological samples. The germanium detector is aligned 450 to the beam and the sample in 
order to measure fluorescence (Fig. 2.5). 
 Ru L-edge XANES (2.7 -3.3 KeV) were also carried out with a similar 
experimental set up. However for soft X-rays increased radiation damage can occur due 
to the higher absorption of X-rays by water in the sample. The X-ray induced radiation 
damage is strongly dependent on temperature and can be minimized at low temperatures. 
A “cryostage in He box” design was constructed to minimize X-Ray damage, which 
allowed us to collect Ru L-edge spectra from 2 mM water solutions of Ru complexes at 
liquid nitrogen (77K) temperatures. Using this system, no X-ray induced damage to Ru 
based compounds was encountered. 
 






Fig. 2.5: Experimental Set up fluoresence measurements for dilute solution samples 








2.3.4 EXAFS Data Analysis 
Fig. 2.7 shows the data analysis for monomeric Ru 2 solution obtained from complex 
[Ru(tpy’)(bpy)(Otf)](Otf). Ru(III) solution obtained by oxidizing Ru(II) solution with 1 
equivalent Ce(IV) at pH 1. Athena software was used for data processing[65]. The energy 
scale for each scan was normalized using ruthenium metal standard and scans for same 
samples were added. Data in energy space were pre-edge corrected, normalized, 
deglitched (if necessary), and background corrected. The processed data were next 
converted to the photoelectron wave vector (k) space and weighted by k3. The electron 




E0 is the energy origin or the threshold energy. K-space data were truncated near the 
zero crossings (k = 3.904 to 15.063 Å-1) in Ru EXAFS before Fourier transformation. 
The k-space data were transferred into the Artemis Software for curve fitting.  In order to 
fit the data, the Fourier peaks were isolated separately, grouped together, or the entire 
(unfiltered) spectrum was used. The individual Fourier peaks were isolated by applying a 
Hanning window within which the photoelectron k-space data is being fourier 
transformed, to the first and last 15% of the chosen range, leaving the middle 70% 
untouched. The Hanning window is an apodization function which is typically used in 
order to reduce aliasing and tampering of the data resolution being fourier transformed. 
As mentioned above, a hanning window applied for the first shell will only provide curve 
fitting analysis within the first shell. This allowed us to fit the first and second shell 
independently prior to fitting the structure. Such approach was beneficial as improvement 
of the quality of fits from fits carried out in the first shell compared to first and second 
shell with addition of certain oxygen and carbon atoms could be easily observed and 
compared. Curve fitting was performed using ab initio-calculated phases and amplitudes 
from the FEFF8 program from the University of Washington.[66] Ab initio-calculated 
phases and amplitudes were used in the EXAFS equation [60]. The EXAFS equation 
(2.6) was used to fit the experimental Fourier isolated data (q-space) as well as unfiltered 
data (k-space) and Fourier transformed data (R-space) using N, S02, E0, R, and σ2 as 
2
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variable parameters .N refers to the number of coordination atoms surrounding Ru for 
each shell. The quality of fit was evaluated by R-factor and the reduced Chi2 value. The 
deviation in E0 ought to be less than or equal to 10 eV. R-factor less than 2% denotes that 
the fit is good enough whereas R-factor between 2 and 5% denotes that the fit is correct 
within a consistently broad model [67]. The reduced Chi2 value is used to compare fits as 
more absorber-backscatter shells are included to fit the data.  A smaller reduced Chi2 
value implies a better fit. Similar results were obtained from fits done in k, q, and R-
spaces.  
In the case of the monomeric complex shown in Fig. 2.7 C, the first and second 
coordination spheres correspond to the Ru-N and Ru-C distances respectively. As 
explained previously, ab-initio EXAFS simulations enable extraction of those distances 
within an accuracy of 0.02 Å. The bond distance resolution is however given by 
kdr ∆= 2
π  where k∆  represents the data range in k space[60]. In this case the k-range 
was between 3.904 to 15.063 Å-1. 
 
Fig. 2.7 Data processing and analysis of EXAFS oscillations A. Fluorescence 
measurements of Ru (II) and Ru (III) solutions, B. Conversion of energy space to 
photoelectron k space, C .Fourier transform of Ru (II) and Ru (III) solutions. 
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2.4. Electron Yield Measurements 
Electron yield detection is similar to fluorescence yield in that it measures the 
absorption events by detecting the decay products when the core hole is refilled[68]. 
However instead of measuring photons, electrons that are being emitted from the surface 
of the sample are measured. Electron yield measurements were carried at Ru L-edge on 
Ru catalysts immobilized on Nano-indium tin oxide slides as well as on blue dimer solid 
catalysts. This technique is especially advantageous for energies about 2000 eV as the 
probability for fluorescence is small and “self-absorption” effects occurring in 
fluorescence mode can be avoided [60]. As shown in the schematic (Fig. 2.8), the sample 
measured in total electron yield is located inside the detector under ultra-high vacuum. 
Electrons emitted by the sample collide with helium gas inside the detector and produces 
a number of secondary electrons that are collected in the ionization chambers[59]. Hence 
in this case, the detector is the ionization chamber with the sample being in electrical 
contact with the cathode [59]. The blue dimer solid samples were made electrically 
conductive by spreading a thin layer of the solid sample on carbon tape. The relatively 
short path length of around 1000 Å made the electron yield technique and can be 
extremely beneficial for measuring monolayer Ru catalysts for instance mobilized on 
Nano-ITO slides. 
 
Fig. 2.8 Electron Yield Experimental Set up for Ru L-edge measurements , (Adapted 
from EXAFS company and[59]) 
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2.5. Electron Paramagnetic Resonance (EPR) Spectroscopy 
2.5.1 EPR Theory 
Electron Paramagnetic Resonance Spectroscopy is a technique similar to Nuclear 
Magnetic Resonance Spectroscopy (NMR). However instead of measuring atomic nuclei, 
it is used to detect species with unpaired electrons. EPR is an extension of the Stern 
Gerlach experiment[69]. Stern and Gerlach showed that an atom with a net electron 
magnetic moment can take up discrete orientations in a magnetic field. It was later 
showed that the electron magnetic moment can be linked with the idea of the electron 
spin [69]. EPR is the process of resonant absorption of microwave radiation by 
paramagnetic ions or molecules with at least one unpaired electron spin and in the 
presence of a static magnetic field. When an external magnetic field is supplied, the 
paramagnetic ions can orient themselves either parallel or anti-parallel to the direction of 
the magnetic field. The energy levels are split according to the Zeeman effect creating 
two distinct energy levels for an unpaired electron. This energy level can then be 
measured as the electron is being driven between the two levels. 
The electron has a state of lowest energy when the electron’s moment ms is aligned 
with the magnetic field and a state of highest energy when the magnetic moment is 
aligned against the magnetic field (Fig. 2.9). The electron being a spin one half particle, 
the parallel states are designated as magnetic spins, ms = -0.5 and the antiparallel state as 
ms = +0.5.  The allowed spin numbers ms is given by –s, -s+1, s… where s is the spin 
determined by the number of unpaired electrons. A species with 1 unpaired electron will 
have spin ½ whereas a species with 2 unpaired electrons will have spin 1. According to 
Planck’s law, the electromagnetic radiation will only be absorbed  when the quantized 
energy difference matches 
BghE βυ ==∆  (2.8) 
 
 Where h is the planck’s constant, g is the g-factor, β is the Bohr’s magneton and B 
is the external magnetic field 
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This is the fundamental equation in EPR spectroscopy. With the knowledge of the 
energy differences, interesting insight can be gained about the identity, structure and 
dynamics of the sample being studied [69]. 
 
Fig. 2.9 Splitting of the Energy levels in presence of a microwave pulse 
The theoretical aspects of EPR can be summed up in the Hamiltonian equation[69] 
(2.9). 





Where ge and gn are the electron and nuclear’s Zeeman (g-factor). G-anistropy will 





 are the electron and nuclear magnetic moments, and  A 
is the hyperfine coupling constant. 
In summary, the first term of the Hamiltonian equation (2.9) represents the electron 
Zeeman term which is the basic component of an EPR spectrum. The second term 
represents the nuclear Zeeman term which is much weaker than the electronic Zeeman 
term due to the smaller nuclear magnetic moment whereas the last term of the equation 
represents the hyperfine interaction with no magnetic field dependence. Spin orbit 
coupling, which describes the interaction of a particle’s spin with its motion is a 
significant contributor to the hyperfine interaction. The spin orbit coupling consequently 
causes a shift in the electron’s atomic levels due to the electromagnetic interaction 





The Ru catalysts described in this report exhibit g anisotropy. For instance, every 
paramagnetic molecule has a unique axis system called the principal axis system [70]. 
The g-factors measured along these axes are called the principal g-factor and can be 
expressed as gx, gy and gz. The derivation of the g matrix and types of g-anisotropy are 
described below. For the derivation of the g matrix, the nuclear Zeeman effect and 
hyperfine interaction can neglected in the spin Hamiltonian equation (2.9). g is generally 
a tensor, hence the spin Hamiltonian can be rewritten as  BgSB ..
ΛΛ
= β . The values of g 
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(2.10) 
 
A g component gyx is considered as the contribution along the y axis when the 
magnetic field is applied along the x direction. The product g.B can be considered as a 
transformation of the actual field B to an effective magnetic field Beff = g.B = geff B. The 
spin angular momentum is quantized along Beff and the two electron energy levels can be 
written as (2.11) [69]. 
BgW effβ2
1
1 +=  and BgW effβ2
1
2 −=





The energy level separation can be expressed as (2.12) 
BgW effβ=∆  (2.12) 
 
Assuming g is real and symmetric, 2.12 can be rewritten as  
BgBBggBBgW eff ..).).(.()( 2222222 βββ ===∆  (2.13) 
 
Where g2 is the matrix product of g with its transpose. g can then be given by a 






























A species is said to exhibit isotropic symmetry if gxx = gyy = gzz. However if gxx = gyy 
and unequal to gzz and if all g values in x, y and z directions are unequal, the paramagnetic 
species will demonstrate an axial and rhombic symmetry respectively. The first derivative 
of the absorption spectrum gives the EPR spectra[69] as shown in Fig. 2.10. 
 
Fig. 2.10 First Derivative of Absorption spectrum giving EPR signal (Adapted from [70]) 
Moreover, the integrated content of the absorption spectrum is equivalent to the 
amount of spin active species. A species with an isotropic symmetry with all equal g 
values will show a uniform EPR signal. However one with axial symmetry shown in Fig. 
2.11 will have an effective g factor where 
θθ 2222||





Fig. 2.11 Axial and Rhombic symmetry system to determine EPR g-anisotropy( Adapted 
from [69]) 
 For an axial symmetry system, the magnetic field is given by (2.16), 




++= β  
(2.16) 
 
where ||g  is along the z-axis (Fig. 2.11) whereas ⊥g is along the xy plane. Fig. 2.12 
shows the absorption and first derivative spectra of the three isotropic, axial and rhombic 
classes of geometry[70]. As shown in Fig. 2.12, an isotropic system has all the same 
principal g-factors whereas an axial system has a unique axis that differs from the other 
two where either gx = gy or gx = gy (2.16). A rhombic system has a class of g  anisotropy 
where all g-factors differ (2.17). For instance for a rhombic symmetry system with 
absorption and EPR spectrum shown in Fig. 2.12, the effective g factor will be given by  
2







Fig. 2.12 Absorption Spectra for a system with axial and rhombic symmetry[70] 
An example of a Ru catalyst exhibiting rhombic symmetry is Ru (III) solution 
produced from the boxed monomeric catalyst (Fig. 2.13). Its g values along x, y and z 
axes are shown. 
 
Fig. 2.13 EPR signal of a Ru (III) solution prepared by adding 1 equivalent Ce(IV) to Ru 
(II) solution. The Ru (II) solution (boxed) exhibits a rhombic symmetry 
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2.5.3. Hyperfine Interaction, the effect of nuclear spin 
As explained in section 2.5.1 and shown in the spin Hamiltonian equation (2.9), the 
EPR spectrum is very sensitive to the presence and orientation of either electronic or 
nuclear magnetic moments. Therefore, an unpaired electron with spin ½ can interact with 
nearby nuclear magnetic moments causing splitting of the spectral line called hyperfine 
splitting. For instance, as shown in Fig. 2.9, a single electron with spin ½ will have a 
single resonance. However if a nucleus is added to the electron, the electron has spin ½ 
with magnetic moment + ½ and -½ in addition to the proton having a  nuclear spin ½ 
with nuclear magnetic moments + ½ and -½.  Hence the energy levels will be split into 4 





























































The permanent local fields arising from the magnetic moments of an electron 
interacting with a nucleus [70]is thus given by Fig. 2.14A and the corresponding EPR 




Fig. 2.14 A. Local fields arising from the interaction of an electron with spin ½ with a 
proton with nuclear spin ½. B. EPR experiments for a single electron interacting with a 
magnetic nucleus with spin 1.2, (Adapted from [70]) 
As illustrated in Fig. 2.14 B, interaction with a nucleus with spin I will give rise to 2 
I+ 1 hyperfine lines in EPR. These represent the 2 I+1 possible values of mI (mI = I,I-1, 
…., 0, -I+1, I). For instance, interaction of the electron with a nucleus with I = ½ shows 
an EPR spectrum with two lines. Similarly interaction of the electron with a nucleus with 
nuclear spin 1 and 3/2 will display and EPR spectrum with 3 and 4 hyperfine splittings 
respectively (Fig. 2.15 A). Hyperfine interactions with 2 or more nuclei can however 
complicate the EPR spectrum further (Fig. 2.15 B). For instance, the EPR spectrum of a 
radical with 2 and 3 equivalent protons (I = ½) can be predicted by the construction of 
stick diagrams with an intensity ratio of 1:2:1 and 1:3:3:1 (Fig. 2.15 and Table 2.1) 
respectively. A general thumb of rule is that for a certain number N, the relative intensity 
values of the hyperfine splitting can be calculated by adding the numbers immediately in 
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the left and right in the row for N-1 [71]. The hyperfine splittings for interactions with a 
large number of nuclei can be very difficult to observe. Hyperfine splitting observed for a 
highly reactive intermediate in H217O with a nuclear spin of 5/2 will be illustrated further 
on in Chapter 3.2. EPR simulations and assessments of the hyperfine constants will be 
determined and explained further in section 3.2.2, Chapter 3.2. 
 
Fig. 2.15 A. Hyperfine splittings originating from the interaction with a nucleus with 
nuclear spin ½. 1 and 3/2 B. Hyperfine splittings  and relative intensities of the hyperfine 
lines for N = 2 and N = 3 equivalent I = ½ nuclei (Adapted from [70]) 
Table. 2.1 Pascal triangle and the numbers and relative intensities ( R ) of the hyperfine 
lines for N = 3 equivalent I = ½ nuclei(Adapted from [71]) 
N R 
0 1 
1 1                            1 
2 1                        2                          1 









2.5.4. EPR Spectrometer  
The simplest spectrometer has three essential components namely a source of 
electromagnetic radiation, a sample and a detector. In order to acquire a spectrum, the 
frequency of the electromagnetic radiation is changed and the amount of radiation 
passing through the sample is measured using a detector. For an EPR spectrometer (Fig.  
2.16), the electromagnetic radiation source and the detector are located in the microwave 
bridge. The sample is located in a microwave cavity which amplifies the weak signals 
from the samples. The magnet tunes the electronic energy levels. A console is also used 
which contains signal processing, control electronics and a computer for analyzing data 
as well as coordinating all units together to acquire the EPR spectrum. At resonance, the 
cavity stores the maximum microwave energy. All the microwaves remain inside the 
cavity. The microwaves are coupled into the cavity via a hole called the iris (Fig. 2.17). 
The size of the iris controls the amount of microwaves which will be reflected back from 
the cavity by matching the impedances of the cavity and the waveguide.  
When the sample absorbs microwave energy, the quality factor is lowered because of 
increased losses. The coupling changes as the absorbing samples changes the impedance 
of the cavity. The cavity is thereby no longer critically coupled such that all microwaves 
are reflected back to the bridge resulting in an EPR signal[69].  
 




Fig. 2.17 Critical Coupling resulting in formation of an EPR signal (Adapted from Bruker 
Instruments) 
Low-temperature X-band EPR spectra were recorded by using a Bruker EMX X-
band spectrometer equipped with a X-Band CW microwave bridge. The sample 
temperature was maintained at 20 K, unless otherwise indicated, by use of an Air 
Products LTR liquid helium cryostat. Spectrometer conditions were as follows: 
microwave frequency, 9.65 GHz; field modulation amplitude, 10 G at 100 kHz; 
microwave power, 31.70 mW. Standard EPR sample tubes were filled with sample 
through all of the resonator space and whenever relative signal intensities are discussed, 
measurements were conducted on the same day in the same conditions to allow direct 
comparison of the signal intensities. Field calibration was checked versus DPPH 
standard.  
2.6. Oxygen Evolution Measurements 
Oxygen evolution is measured with a PC operated Clark type polarographic oxygen 
electrode from Oxygraph System (Hansatech Instruments Ltd). The sample was housed 
within a hermetic borosilicate glass reaction vessel thus preventing penetration of any 
atmospheric oxygen. Calibration was carried out by measurements of the signal from O2-
saturated water in an open reaction vessel. Sodium dithionite, an oxygen depleting agent, 
was added to the water and the drop in the signal was related to the solubility of oxygen 
in water at room temperature (262 µmoles/L). The glass vessel was thoroughly washed 
with water and the catalyst added. A defined number of Ce(IV) equivalents were 
carefully added by means of a Hamilton syringe into the chamber through a septum cap 
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and oxygen evolution was measured as a function of time.  The rate of oxygen evolution 
in µmoles/sec is given by the ratio of the product of solubility of oxygen/L at room 
temperature (262 µmoles O2/L), volume of sample in the oxygen chamber (L), initial 
slope of in oxygen evolution (cm/s) over the dithionite calibration height (cm) whereas 
the total oxygen evolved in µmoles is given by the ratio of the product of solubility of 
oxygen/L at room temperature (262 µmoles O2/L), volume of sample in the oxygen 
chamber (L), kinetic height observed for oxygen evolution (cm) over the dithionite 
calibration height (cm). 
  
2.7. Resonance Raman 
Resonance Raman spectroscopy is used hereto provide the characteristic 
fundamental vibrations for elucidation of molecular structures of the blue dimer and 
several monomeric Ru catalysts. Low-temperature Resonance Raman spectra were 
recorded by using a XploRa Horiba Raman microscope at 532 nm excitation.  The 
samples were measured on a Linkam cryostage (100K) connected to the microscope stage 
below the laser beam aperture. The sample and window space of the cryostage were 
continuously purged with nitrogen gas to avoid frost formation and enable easy focusing 
on the sample. Freeze quenched samples are more prone to damage and were measured 
with 2.5 mW excitation power. Samples prepared by hand were measured with 10 mW 
laser excitation power. Scans were recorded with shortest 2 sec exposure and no laser 
induced damage was observed in at least 10 scans for freeze quenched samples and 100 
scans for hand-prepared samples. 
 
2.8. Sample Preparations 
Ruthenium-based water oxidation catalysts namely the blue dimer as well as single-
site monomeric catalysts explained throughout this chapter are cis,cis[(bpy)2(H2O)-
RuIIIORuIII(OH2)(bpy)2]4+ (bpy is 2,2-bipyridine), [RuII(L)(4-pic)2(OH2)]2+ (1) (L = 4-t-
butyl-2,6-di(1',8'-naphthyrid-2'-yl)pyridine, pic = 4-picoline), Ru(II) polypyridine 
catalysts, Ru(II) complex, [Ru(bpy)(tpy)Cl]+ (bpy = 2,2'-bipyridine, tpy = 2,2'; 6',2''-
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terpyridine) and mononuclear Ru complex [Ru(bda)(isoq)2] (H2bda = 2,2’-bipyridine-
6,6’-dicarboxylic acid; isoq = isoquinoline). Blue dimer,  [RuII(L)(4-pic)2(OH2)]2+  and  
[Ru(bda)(isoq)2] Ru catalysts are obtained with the collaboration with the research groups 
of Thomas Meyer (University of North Carolina), Randy Thummel (University of 
Houston) and Antoni Llobet (Institute of Chemical Research of Catalonia in Spain) 
respectively.  Chlorination of the photosensitizer [Ru(bpy)3]2+  is also carried out in 
Chapter 7. However this chemical can be obtained off the shelf through sigma aldrich.  
All dimeric and monomeric  Ru complexes are used as the starting material for  the 
preparation of water oxidation intermediates. Analogous to natural photosynthetic 
systems being driven by light, the catalytic cycles of both monomeric and dimeric Ru 
complexes are driven by the powerful ammonium Cerium(IV) nitrate oxidant in HNO3 at 
pH 1. (pH 1.0 (Catalog No: 225711 from Sigma Aldrich). The reduction potential, 
E0[Ce(IV/III) is 1.74 V[72] vs the normal hydrogen electrode (NHE) in 1.0 M HClO4 and 
therefore is strong enough to drive the water splitting reaction which occurs at 1.23 V at 
pH 1. In this case, Ce(IV) is used only for strongly acidic solutions at pH 0 and 1 so as to 
avoid complex hydrolysis that can occur above pH 1. [72]Chemical oxidation is also a 
relevant step for possible application in light initiated water oxidation and utilization of 
Ce (IV) also allows us to initiate single turnover conditions which are not possible to 
achieve with electrochemical oxidation of the catalyst.  
Mechanistic insights carried out on the blue dimer catalyst were all carried out on the 
blue dimer cation purified by chromatography on LH-20 Sephadex and was used as it is 
or after additional purification and re-crystallization. Purity of Ru catalysts analyzed in 
this spectra were verified by comparison with known electrochemical and electronic 
spectra[28]. 
 In experiments with monomeric Ru complexes, the started Ru(II) catalyst was 
dissolved in water to avoid precipitation created by dissolution in nitric acid. All Ru 
catalysts were again oxidized chemically by addition of Ce(IV). 
Ultrapure (Type 1) water (resistivity 18.2 MΩ.cm at 25°C, TOC 4 μg/L) sourced 
from a Q-POD unit of Milli-Q integral water purification system (Millipore) was used for 
solutions. Some titration experiments were conducted in 0.1 M CF3SO3H (freshly 
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distilled) and samples were analyzed by EPR. Oxidant solutions were prepared fresh 
daily by dissolving Ce (NH4)2(NO3)6•4H2O in 0.1 M HNO3 or 0.1 M CF3SO3H. 
Throughout this thesis, reference compounds will be used for XANES spectra 
analysis. The RuV=O tetra-n-propylammonium bis-2-hydroxy-2ethylbutyrato(oxo) 
ruthenate (V), which is the only stable Ru(V) compound, was used as a reference 
compound for XAS analysis and was prepared accordingly to Williams and 
coworkers[73] . Its EPR spectrum was recorded at 20 K and found to be identical to the 
spectrum the original report. In addition The XANES of RuIV reference compound, 










3. BLUE DIMER WATER OXIDATION 
3.1. Structures and Electronic Configuration of the Intermediates of Water 
Oxidation in the Blue Dimer Catalytic Cycle 
3.1.1. Introduction 
As mentioned in Chapter 1, study of homogeneous catalysts offer promise in 
providing valuable insights about the mechanism of the water oxidation reaction. This 
chapter serves to illustrate the spectroscopic characteristics of the blue dimer catalyst 
cis,cis[(bpy)2(H2O)-RuIIIORuIII(OH2)(bpy)2]4+ (bpy is 2,2-bipyridine) which is the most 
analyzed homogenous system for catalytic water oxidation[24, 29, 44]. A large body of 
previous work on the blue dimer has resulted in the formulation of a paradigm for water 
oxidation with oxidative activation by proton coupled electron transfer (PCET) [24, 29, 
44]. Highly reactive intermediates with the RuV=O key feature have been proposed in the 
blue dimer catalytic cycle to be catalytically active towards oxygen-oxygen formation by 
reaction with water molecules to produce peroxidic intermediates. While the mechanism 
of water oxidation initiated by highly reactive intermediates such as RuV=O active 
towards oxygen-oxygen formation was studied computationally,[56], there has been a 
lack of experimental structural information on such species thus presenting a 
considerable hurdle for evaluation of the proposed mechanism. In addition, proposed 
peroxo intermediates resulting from the reaction of RuV=O with water have never been 
structurally characterized. 
This chapter shows the structural characteristics of the stable as well as reactive 
intermediates towards oxygen-oxygen bond formation in the blue dimer catalytic cycle. 
Experimental results shown in this chapter are used to identify the mechanism of their 
activity. Using the stable blue dimer [3,3] complex and ceric ammonium nitrate (hereafter 
denote Ce(IV)) as a chemical oxidant, the catalyst’s oxidation was monitored using UV-
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Vis stopped flow measurements. This allowed us to define time frames for collecting 
samples enriched with the short-lived intermediates by the freeze-quench approach 
illustrated in Chapter 2. The samples were characterized by EPR, Ru K-edge X-ray 
absorption near edge structure (XANES), and extended x-ray absorption fine structure 
(EXAFS). These techniques allowed us to assign the oxidation states of the Ru centers 
and determine the structural characteristics of the reactive intermediates. Parallel O2 
evolution measurements were also used to confirm the presence of the detected 
intermediates under conditions of O2 evolution. 
3.1.2 Mechanism of Blue Dimer Catalytic Cycle 
As shown in Chapter 1, the blue dimer catalyst shares similar characteristics with the 
oxygen evolving complex (OEC) in the photosystem II as they both undergo oxidative 
activation by proton-coupled electron transfer to reach oxidation states where water 
oxidation occurs [28, 29, 31, 32]. The schematic of the blue dimer catalytic cycle and 
results summarized over the past 30 years is shown in Fig. 3.1.1. As explained in section 
2.8, all catalysts in this scheme are produced chemically by addition of ammonium 
cerium(IV) nitrate at pH 1 in 0.1 mol HNO3. In this catalytic scheme shown in Fig. 3.1.1, 
blue dimer [3,3] and [3,4] formed by 1 eq. Ce(IV) oxidation to BD[3,3] are known to be 
stable forms of the catalyst (numbers in square brackets denote the oxidation state of the 
ruthenium (Ru) centers). When catalysis is initiated by using ceric ammonium nitrate at 
acidic pH, BD[4,5] intermediate is formed within few seconds by stopped-flow freeze 
quench and quickly decays to the peroxo intermediate BD[3,4]’ .We find that the 
intermediate BD[3,4]’ builds up in reaction mixtures and its oxidation appears to be a rate 
limiting step. Of the blue dimer (BD) oxidation states, [4,5], [5,5] and BD[3,4]’ 
intermediates have been characterized to an extent previously[55, 61, 74-76] and will be 
characterized in this chapter also. The BD[5,5] intermediate is included in Fig. 3.1.1 
based on previous literature report as well as a recent manuscript by Stull et al [77]which 
summarizes conditions for observations of this intermediate in the BD catalytic cycle. 
The authors, however, do not explain the origin of the EPR signal assigned to BD[5,5] 
which has two interacting Ru d3 centers and thus is not compatible with spin S = ½ 
electronic configuration. We will show further on in Chapter 3.5 how this intermediate is 
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actually a new species denoted as BD[4,5] prime and can be observed upon addition of 
hexaquacobalt(III) as well as excess Ce(IV) in DNO3 at pH 0. 
 This chapter will also show EPR, XANES and EXAFS of the BD[3,4]-prime 
intermediate determined here to be the peroxidic intermediate. The nature of this 
peroxidic intermediate will be elaborated further on in Chapters 3.4 and 3.5 through 
additional Resonance Raman and EPR experiments. Moreover EXAFS analysis, EPR in 
H217O as well as resonance Raman will be shown in Chapter 3.2 to explain the 
assignment of oxidation state, presence of a short Ru=O bond and presence of high spin 
density on the RuV=O oxygen on the BD[4,5] intermediate.  
Hence this chapter will focus primarily on the UV-Vis, EPR, Ru K-edge XANES 
and EXAFS of stable intermediates BD[3,3], BD[3,4] and will provide some interesting 
structural information on reactive intermediates BD[4,5] and BD[3,4]-prime. In-depth 
analysis of reactive intermediates BD[4,5] and BD[3,4]-prime will be shown in chapters 
3.2-3.5. 
 
Fig. 3.1.1: Schematic of the blue dimer (BD) catalytic cycle (eq. denotes equivalent) 
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3.1.3 UV-Vis Spectroscopy of intermediates along the blue dimer catalytic cycle 
3.1.3.1 UV-Vis absorbance of stable intermediates in blue dimer catalytic cycle 
The UV-Vis absorbance of stable forms of the catalyst BD[3,3] and BD [3,4]  in 0.1 
M HNO3 as well as changes in the absorbance versus time following oxidation was 
monitored. BD[3,3] and BD[3,4] have absorption maxima at 637 nm and 494 nm 
respectively(Fig. 3.1.2).Analysis was conducted with concentrations of blue dimer in the 
range 0.5 – 2.5 x 10-4 M.  
 
Fig. 3.1.2 UV-Vis Absorption Spectroscopy of stable blue dimer Ru catalysts [3,3] and 
[3,4] 
 
Fig. 3.1.3 A. Protonation scheme of BD [3,4] at different pH. B. UV-Visible absorption 
spectra of BD [3,4] at pH 0, 1 and 7.  
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In the schematic of the catalytic cycle shown in Fig. 3.1.1, blue dimer [3,4] with 
protonation states Ru(III)-OH2 and Ru(IV)-OH was formed at pH 1. However BD[3,4] 
can also be prepared in three different protonation states at different pHs. Analysis of the 
Resonance Raman of this intermediate in different protonation states is explained further 
in chapter 3.4. For instance BD [3,4] pKa of 0.4 and 3.2 allow to have predominantly 
fully protonated BD [3,4] at pH=0, one ligand deprotonated at pH=1, and fully 
deprotonated at pH=7[29], Fig. 3.1.3A.The UV-Vis spectrum of BD[3,4] is 
correspondingly pH-dependent with bridge-based dπ →  dπ* bands[29] appearing in the 
visible region, with maximum absorption at 445±2 nm ([(H2O)RuIVORuIII(OH2)]5+), 
494±2 nm ([(HO)RuIVORuIII(OH2)]4+) and 475±2 nm ([(OH)RuIVORuIII(OH)]3+) 
respectively (Fig. 3.1.3 B). 
3.1.3.2 UV-Vis absorbance of unstable and reactive intermediates in the blue dimer 
catalytic cycle 
 The UV-Vis absorbance of blue dimer [3,4] with 2 or 3 equivalent of Ce(IV) as 
well as excess (20 eq.) of Ce(IV) was also monitored to observe the absorbance of 
shorter-lived species. Most of the shorter lived intermediates were generated from 
BD[3,4]. This is so as kinetics of blue dimer [3,3] oxidation to [3,4] with Ce(IV) were 
studied earlier and a rate constant k of about 6 x 102 to 7 x 102 M-1 s-1 at pH 1 was 
observed with only a slight dependence on the acid. [29]Thus in order to avoid 
interference of this kinetic component, the BD[3,4] form of the blue dimer was used. As 
shown from Fig. 3.1.4 B, decay of [3,4] follows complex kinetics with characteristic time 
dependent shifts in absorption maxima from 494-486 nm when 2 or 3 equiv was added 
and to 480 nm (Fig. 3.1.4 A) with addition of excess Ce(IV) (20 equiv). The 
interpretation of these UV-Vis absorption kinetics will be explained further in Chapter 
3.3 in comparison with D2O(Fig. 3.3.2, Chapter 3.3). However UV-Vis absorption 
analysis shows the presence of 2 species, one at 486 nm with addition of 2/3 equiv of 
Ce(IV) and another species at 480 nm with addition of excess (20 eq.) Ce(IV). Due to the 
close overlapping between the UV-Vis absorbance of the different intermediates, the 
information content of these UV-Vis absorbance measurements was improved by parallel 





Fig. 3.1.4 Stopped-Flow UV-Vis absorbance of starting BD[3,4] catalyst with 2,3 and 20 
eq of Ce(IV).  
3.1.4. EPR comparison of stable and reactive intermediates in blue dimer catalytic 
cycle 
As mentioned in section 3.1.3, UV-Vis absorbance measurements were carried out in 
parallel with EPR analysis. BD[3,3] is an EPR silent intermediate due to the strong 
dipole-dipole interactions between the two Ru(III) centers. However stable blue dimer 
intermediate BD[3,4] and reactive intermediates BD[3,4]’ and BD[4,5] all have different 
X-band EPR spectra as shown in Fig. 3.1.5. EPR analysis of unstable intermediates 
BD[3,4]-prime and BD[4,5] are mainly explained in this section. In addition, time-
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dependent evaluation of the formation of their EPR signal through stopped-flow freeze 
quench technique is explained. 
 
Fig. 3.1.5 X-band EPR spectra of stable and reactive blue dimer intermediates BD[3,4], 
BD[4,5] and BD[3,4]’(BD [3,4]-prime) studied in this chapter.  
3.1.4.1. X-Band EPR of BD[3,4]-prime 
Stoichiometric equivalents of Ce(IV) were added to the stable blue dimer [3,4] and 
the reaction  mixtures were frozen within 30 seconds. Similar results were obtained for 
blue dimer concentrations in the range 0.25 - 1 mM and at EPR recording temperatures of 
80 to 10 K. Fig. 3.1.6A shows that while addition of one equivalent of Ce(IV) is not 
sufficient to completely oxidize initial [3,4] (at least during 30 s), addition of 2 
equivalents of Ce(IV) results in nearly complete oxidation, and 3 equivalents provides 
complete conversion of [3,4] within 30 s (data are shown for 0.25 mM blue dimer). 
Oxidation of blue dimer [3,4] results in a new EPR signal with the maximum signal 
intensity at g = 1.92, Fig. 3.1.6 A. We attribute this new EPR signal to the intermediate 
termed as [3,4]’ as described below. Further XAS analysis described in section 3.1.5 is 
used to confirm the oxidation state of this intermediate. 
Time-dependent evaluation of the formation of the new EPR signal corresponding to 
BD[3,4]-prime was also carried out by parallel stopped-flow UV-Vis absorption kinetic 
measurements and freeze-quenching of reaction mixtures for EPR analysis. The insert in 
Fig. 3.1.6 B shows characteristic changes in absorption upon oxidation of blue dimer 
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[3,4] with arrows indicating times when samples were collected for EPR analysis. These 
experiments were repeated several times with similar results obtained. 
 
Fig. 3.1.6 X-band EPR spectra (20 K) of 0.25 mM blue dimer [3,4] in 0.1 M HNO3  after 
A. addition of 1,2 or 3 Ce(IV) equivalents and freezing within 30 s. B. freeze quench 
preparation with addition of 2 equivalents of Ce(IV) and freezing at indicated 
times.Insert: Stopped-flow UV-Vis absorbance of [3,4] with 2 eq.Ce(IV) at 486 nm. 
Data in Fig. 3.1.6 B show that the main change in absorbance is accompanied by 
formation of a g = 1.92 EPR signal (1.2 s) and that this signal grows in intensity at longer 
times. Critically, after 500 ms, the EPR signal of the [3,4] starting material is no longer 
detectable while [3,4]’ continues to grow in intensity. This suggests that BD [3,4]’ cannot 
be a product of a direct conversion from BD [3,4]. The [3,4]’ intermediate may originate 
from the reaction of an EPR silent intermediate, possibly BD [4,4], or a transient [4,5] 
intermediate which will be described in section 3.1.4.2 below, reacting with water. The 
BD[4,4] intermediate was not observed and will not be reported in this chapter.  Based 
previous literature reports on electrochemical measurements, [4,4] is an unstable 
oxidation state from pH 0–14. It does appear as a kinetic intermediate in the oxidation of 
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[3,4] by Ce(IV)[78]. Analysis of [4,4] is challenging and may not be possible. Hurst used 
pulse radiolysis to generate a short lived [4,4] intermediate and reported it to be unstable 
above pH = 2 [42]. Reactivity toward water oxidation by other Ru(IV) moieties is known 
[79, 80]. Thermodynamically, [4,4]  is the most powerful oxidant in the blue dimer 
oxidation sequence and is highly unstable toward disproportionation[29]. Although Hurst 
and coworkers have suggested that a [4,4] intermediate is stable and can be generated by 
mixing equal amounts of the electrochemically prepared blue dimer [5,5] and [3,3] ions, 
the actual nature of the intermediate is unknown and stabilization by anation may be 
important [74]. 
 
Fig. 3.1.7 Power Dependence Curves of BD[3,4] and BD[3,4]’ showing their relaxation 
behaviors 
Power and temperature dependences of the EPR signals for blue dimer [3,4] and g = 
1.92 EPR signal of the [3,4]-prime intermediate are shown in Fig.s. 3.1.7 and 3.18. 
Signals appear to have different relaxation behaviors and different Curie constants. The 
intensity of the g = 1.92 EPR signal is about three times as large as that of blue dimer 









Fig. 3.1.8 Temperature Dependence of BD[3,4] and BD[3,4]’ solutions from 20-140 K 
and their abidance by Curie’s law. [31.70 mW, 9.415 GHZ, 104 gain, 20.48 ms time 
constant, 20 K 
EPR was used to analyze the stability of the [3,4]’ intermediate, Fig. 3.1.9 A. 
Reaction mixtures containing the intermediate were melted to room temperature to allow 
the reaction to proceed further and then refrozen at different time intervals for EPR 
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analysis. As shown in Fig. 3.1.9 A, the EPR signal at g = 1.92 converts completely to 
blue dimer [3,4] within 25 minutes at a concentration of 1 mM. 
Careful analysis of the literature allowed us to identify that the intermediate detected 
here was noted for the first time in 1994 by Hurst and coworkers[54]. Its g-factor, 
however, was incorrectly reported as g = 1.87 and it was assigned to blue dimer [4,5]. 
This intermediate was observed by EPR in reaction mixtures of blue dimer [3,3] and 
Ce(IV) in 1 M and 0.1 M CF3SO3H (addition of Ce(IV) up to 16 equivalents carried out 
at +4 °C). Similar to this study, the intermediate was shown to return to [3,4] in 5-10 min 
at room temperature. This EPR signal was not investigated further at the time; however, 
with later studies it became clear that it does not arise from a short lived blue dimer [4,5] 
intermediate.[42]More EPR and structural details will be provided about the BD[4,5] 
intermediate in Section 3.1.4.2 and 3.1.7. 
Competence of the detected [3,4]’ intermediate for O2 evolution was assessed by 
time resolved O2 evolution measurements with an oxygen electrode immersed in the 
reaction mixture (see Materials and Methods). Fig. 3.1.9 B shows the profile of O2 
evolution from a solution containing 0.1 mM of blue dimer catalyst. In order to induce a 
single turnover, 4 equivalents of Ce(IV) were added to activate blue dimer [3,3] catalyst. 
Under such conditions, [3,4]’ is formed within a few seconds (see Fig. 3.1.9.B) and 
persists in solution for some minutes. O2 evolution continued for about 5 minutes and 
resulted in evolution of 0.053 µmole of O2, Fig. 3.1.9 B. The maximal rate of oxygen 
evolution within the first 30 sec was 5.64 x 10-4 µmole of O2/sec. Thus, the time frame for 
observation of the [3,4]’ was the same as the time frame for oxygen evolution. Further 
evidence of this intermediate being a peroxo intermediate will be shown through 







Fig. 3.1.9 A Analysis of the stability of the [3,4]’ intermediate by EPR. Samples of 
intermediate were prepared by adding 3 equivalents of Ce(IV) to 1 mM solution of blue 
dimer [3,4] in 0.l mol HNO3. The samples were melted for the indicated period of time 
and refrozen for EPR analysis at 20 K. B. Kinetic of O2 evolution recorded with oxygen 
electrode immersed into the solution of blue dimer [3,3] (0.1 mM in 0.1 M HNO3) after 
addition of 4 equivalents of Ce(IV) to induce a single turnover 
3.1.4.2 X-Band EPR of BD[4,5] 
 In blue dimer catalysts, oxidation states [4,5] and [5,5] have been characterized to 
a certain extent previously[29, 42, 54, 74, 76]and in this work. We have not observed 
spectroscopic signatures of BD [5,5]. As will be illustrated in Chapter 3.5, the 
intermediate termed as BD[5,5] is actually BD[4,5]-prime which is another form of 
BD[4,5]. As noted above, the blue dimer [4,5] intermediate is known to be 
thermodynamically unstable. Previously it was generated by electrolysis at pH = 7 at a 
potential of 1.2 V and by hypochlorite oxidation in phosphate buffer. Its Raman spectrum 
contained a 796 cm-1 band assigned to mode of a Ru=O bond and the EPR spectrum had 
characteristic components at 2.038, 2.012, and 1.895[42] .We demonstrate here that the 
[4,5] intermediate can be detected in 0.1 M HNO3 at very early times after addition of the 
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oxidant. Interestingly, EPR of the highly oxidized intermediate BD[4,5] was absent under 
single-turnover conditions (i.e. upon addition of only a few (2 eq. or 3 eq. of Ce(IV). 
Thus reaction mixtures of the blue dimer [3,4] with excess (20 equivalents) of Ce(IV) in 
0.1M HNO3 were analyzed. Fig. 3.1.10 shows an EPR spectrum of the reaction mixture 
freeze-quenched at defined times after mixing. At very early times (100 ms - 4 s), the 
EPR spectrum assigned earlier to the [4,5] intermediate[42] was detected, Fig. 3.1.10. 
However, this signal persists only for very short (up to 10 seconds) times in the reaction 
before giving way to the EPR signal of [3,4]’. The sample continues to evolve oxygen 
after the first ten seconds, but only the [3,4]’ intermediate is detectable in the reaction 
mixture by EPR. This intermediate slowly converts back to [3,4] on the minutes time 
scale, thus completing the catalytic cycle, Fig. 3.1.10. 
 
Fig. 3.1.10 Results of freeze quench analysis of 0.25 mM blue dimer [3,4] in 0.1 M 
HNO3 mixed with 20 equivalents of Ce (IV) 
3.1.5. XAS Analysis of stable intermediates BD[3,3] and BD[3,4] in blue dimer 
catalytic cycle 
3.1.5.1 XANES Analysis of stable intermediates BD[3,3] and BD[3,4] 
As explained in section 3.1.2, Blue dimer catalysts with Ru centers in formal 
oxidation states [3,3] and [3,4] are stable. They can be prepared as microcrystalline solids 
or in solutions. X-ray structures of these complexes are available[27, 81] and the K-edge 
EXAFS was previously reported[82]. 
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Ru K-edge XANES of the blue dimer [3,3] and [3,4] have been reported[82] but 
assignment of Ru oxidation states was not validated by comparison with model 
compounds. Fig. 3.1.11shows XANES spectra of the blue dimer [3,3] and [3,4] as well as 
spectra of a related Ru(II) complex and ruthenium(IV) oxide (RuO2). Ru K-edge XANES 
of the blue dimer [3,3] is consistent with assignment of the Ru oxidation state as Ru(III) 
(Fig. 3.1.11, Table 3.1.1). Analysis of the Ru L2,3-edge XANES of the blue dimer [3,3] 
validated the same assignment[62]. One electron oxidation of [3,3] with formation of 
[3,4] results in pronounced Ru K-edge shift to higher energy. Thus, K-edge XANES has 
sufficient sensitivity to detect oxidation of one of two Ru centers in the blue dimer 
molecule. Fig. 3.1.11 shows that the spectrum of [3,4] lies at lower energy compared to 




Fig. 3.1.11 Normalized Ru K-edge XANES of the blue dimer in oxidation states [3,3] and 
[3,4] and its reactive intermediates [4,5] and [3,4]’. Reference compounds are Ru(II) 
complex - Ru(Mebimpy)(bpy)(H2O)](NO3)2 (where Mebimpy = 2,6-bis(1-
methylbenzimidazol-2-yl) pyridine and bpy=2,2’-bipyridine), RuO2 and tetra-n-




Table. 3.1.1: Comparison of XANES Energy for Blue Dimer Catalysts 
Sample Edge Energy(eV) Difference between current 
and previous rows 
Ru(II) from monomeric 
complex 
22123.93  
BD[3,3] 22125.01 1.08 
BD[3,4] 22125.74 0.73 
BD[3,4]’ 22125.74 0 
RuO2 22126.11 0.37 
BD[4,5] 22126.45 0.34 
Ru(V) 22127.15 0.70 
 
 
3.1.5.2. EXAFS Analysis of Blue Dimer Intermediates BD[3,3] and BD[3,4] 
Ru K-edge EXAFS spectra of stable blue dimer complexes were obtained from 
powders [((bpy)2(H2O)Ru)2O](ClO4)4 and [((bpy)2(H2O)Ru)2O](PF6)4 and for 0.5 mM 
solutions in 0.1 M HNO3 measured at 20 K, Fig. 3.1.11. The EXAFS spectrum contains 
two prominent peaks: peak I corresponding to the first coordination sphere including Ru-
N and Ru-O interactions and the peak labeled “Ru-O-Ru” (Fig. 3.1.12) above 3 Å 
corresponding to the apparent distance originating from the Ru-Ru interaction across the 
µ-oxo bridge. EXAFS fits for the first coordination sphere (peak I) and for the entire 
spectrum (R = 1.3 - 3.6Å-1) are in Tables 3.1.2 and Appendix, Table A.1 and Fig. A.2 and 
A.3 of peak I clearly resolves Ru-N interactions at 2.07Å and bridging Ru-O distance at 
1.86 Å (Tables 3.1.2 and Table A.1). However, experimental resolution is not sufficient 
to resolve the Ru-OH2 interaction at 2.14 Å from the four Ru-N interactions at 2.1 Å.  For 
instance, inclusion of the additional Ru-O shell in peak I fitting improves the fit as shown 
by decreased R-factors and Chi2 values, Table A.1, Fits 2, 3 and 8, 9. However, when the 
fit is performed for the entire spectrum, addition of the extra Ru-O shell to model the Ru-
OH2 interaction does not result in improvement of the fit and accurate estimation of the 
Ru-OH2 distance, Appendix Table A.1, fits 5, 6 and 11, 12. Thus, in Table 3.1.2, only 
average Ru-N/Ru-OH2 interactions are listed. The similarity between light atoms O and 
N enabled this analysis without introducing significant errors. The same approach was 




Fig. 3.1.12 Fourier transforms of k3-weighted RuEXAFS  of the blue dimer in oxidation 
states [3,3] and [3,4] obtained from powders (A) and in 0.1 M HNO3 solution (B). (C) 
EXAFS spectra simulated with FEFF software. Coordinates of all atoms from X-ray 





Table.3.1.2 Comparison of structural parameters from EXAFS and XRD for blue dimer 
[3,3], [3,4] 
Species,fit 
number in Table 
A1 
EXAFS* 
Shell: N x distance in Å 
XRD [27, 81] 
bond distances are in Å  
Blue dimer [3,3] 
Fit # 1 in Table 
A1 
Ru-N: 5 x 2.07 
Ru-O: 1 x 1.87 
Ru-C:8 x 3.03 
 
Ru-O-Ru angle 165±2° 
Ru-Ru: 1 x 3.69 




Ru-O-Ru angle 165.5° 
Ru-Ru: 3.71  
Blue dimer [3,4]  
Fit #24 in Table 
A1 
Ru-N: 5 x 2.09 
Ru-O: 1x1.83 
Ru-C: 8 x 3.00 
Ru-O-Ru angle 171±2° 
Ru-Ru: 1 x 3.67 
RuIII: 










*N - Number of vectors is given per Ru center 
At pH = 1, blue dimer [3,4] has water coordinated to Ru(III)  with a Ru-O distance  
of 2.10 Å and a hydroxyl group coordinated to Ru(IV) with Ru-O 1.98 Å, see Table 
3.1.2. Oxidation of one Ru center leads to a decrease of the Ru-O (bridge) distance from 
1.86 Å in BD [3,3] to 1.83 Å in BD [3,4] which is in agreement with XRD data. Similar 
to fits of blue dimer [3,3], some of the EXAFS fits for blue dimer [3,4] solution allow an 
additional Ru-OH2 interaction to be pinpointed at about 2.15 Å with N = 0.5 as this Ru-
OH2 interaction occurs at only one of the Ru centers, Table A.1, fits 22, 25, and 26. 
Contrary to fits of blue dimer [3,3], inclusion of an addition shell for the entire spectrum 
of BD [3,4] solution resolves the Ru-OH2 interaction at 2.15 Å from the four Ru-N 
distances with improvement of the fit quality, Table A.1, fits 24 and 25.  
Analysis of the EXAFS spectrum (R = 1.3 - 3.6 Å-1) allows determination of the Ru-
O-Ru bond angle, Fig. 3.1.13, Tables 3.1.2 and Fig. A.1. Multiple scattering paths for the 
Ru-O-Ru unit are indicated in Fig.s 3.1.13 and Fig. A.1. A model accounting for 
backscattering amplitude and phase shift of the Ru-O-Ru three atom system was created 
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in FEFF and used to determine Ru-O-Ruangles. It is known that the focusing effect is 
mainly due to the backscattering amplitude, thus, fitting of the entire spectrum was done 
to optimize Ru-O distance, Ru-O-Ru coordination number, and Debye-Waller factors. 
The experimental data were fitted for the range of Ru-O-Ru angles from 150 to 180 
degrees with 1 degree steps, Fig. 3.1.13, Fig. A.1. A multiple scattering model which 
resulted in a Ru-O-Ru coordination number equal to one was determined to have the 
correct Ru-O-Ru angle. Obtained angles are in close agreement with the earlier results of 
XRD studies, Table 3.1.2. No significant differences were obtained for the structures of 
the blue dimer [3,3] and [3,4] in powders versus solutions, Fig.s 3.1.13, Appendix, Fig. 
A.2, A.3, and Table A.1. In summary, oxidation of the blue dimer from [3,3] to [3,4] 
leads to several significant structural changes such as shortening of the bridging Ru-O 
distance and flattening of the Ru-O-Ru angle. Changes detected in EXAFS correlate well 
with data from XRD analysis showing that, this technique can be used reliably for 
analysis of unknown structures in the blue dimer catalytic sequence. 
 
Fig. 3.1.13 Result of the Ru-O-Ru angle determination for blue dimer [3,3]; [3,4]. 
Coordination numbers are plotted as a function of the Ru-O-Ru angle. The angle is 
determined to be the one that provides accurate coordination number. Multiple scattering 
paths for the Ru-O-Ru unit are shown below. 
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3.1.6: XANES and EXAFS analysis of BD[3,4]-prime Intermediate 
 Samples obtained by oxidation with 3 equivalents of Ce(IV) and frozen within 30 
s show the maximum intensity of the new EPR signal (Fig. 3.1.6), , and were thus 
analyzed by XAS at Ru K-edges. Frozen samples of the oxidized blue dimer intermediate 
did not demonstrate a shift in Ru K-edge XANES sufficient to account for oxidation of at 
least one Ru center. While the shape of the absorption edge is slightly different for the 
oxidized sample from BD [3,4] (Fig. 3.1.14 A,), the absence of a shift is clear in the first 
derivative of the absorption edge of oxidized sample, Fig. 3.1.14 B. Thus, we assigned 
the oxidation state of Ru centers to [3,4] in the intermediate. This assignment is 
consistent with EPR results, which can be interpreted as an S = 1/2 resonance and it is 
similar in shape to the EPR spectrum of the initial [3,4]. However, it shows a pronounced 
shift in g-tensor and differences in relaxation properties which led to its labeling as [3,4]’. 
The possible explanation for an absence of shift in the absorption edge under oxidizing 
conditions could be due to an oxidative modification of the ligand. The experiment 
shown in Fig. 3.1.14 was repeated during 3 different beam times with freshly prepared 
samples and the same results were obtained. No x-ray induced damage was detected 
under the experimental conditions (20 K, defocused beam). 
 
Fig. 3.1.14 Comparison of spectroscopic characteristics of the blue dimer [3,4] and 
oxidized intermediate [3,4]-prime using A. normalized Ru K-edge XANES including 
reference compound RuO2 B. second derivative of normalized Ru K-edge XANES C.  
Result of the Ru-O-Ru angle determination of [3,4]’-prime.  
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To analyze the ligand environment in [3,4]’, its Ru K-edge EXAFS was recorded and 
shown in Fig. 3.1.15. Differences between [3,4] and [3,4]’ are indicated by arrows. These 
differences were reproducibly obtained on six independently prepared samples measured 
during 3 different beam times.  Measurements with ultra low flux (10 times lower than 
conventionally used x-ray flux at the APS BM-20 beamline in defocused mode) resulted 
in the same EXAFS spectrum and indicated that EXAFS features are not affected by x-
ray induced damage.  
 
Fig. 3.1.15 Fourier transforms of k3-weighted Ru EXAFS of the blue dimer [3,4] and 
oxidized intermediate  
EXAFS data in Fig. 3.1.15 show that the Ru-O-Ru bridge remains intact in the 
intermediate. The peak corresponding to Ru-Ru interaction is in the same position; 
however, its intensity is lower indicating a change in the Ru-O-Ru angle. Peak I 
containing Ru first coordination sphere ligands (O, N) interactions appears modified and 
an additional peak of increased intensity is detected just above 2 Å in apparent distance. 
These changes indicate modification of the ligand environment in [3,4]-prime relative to 
[3,4]. One possible explanation is that the intermediate contains an oxidized ligand. We 
explore possible ligand oxidation in [3,4]’. Bipyridine is known to be relatively stable 
toward oxidation under the conditions of the reaction, at least at early times. Oxidatively 
modified ligands derived from an acid anion are excluded as the same EPR spectra were 
obtained in different acids and the acids used are very stable toward oxidation. Given the 
coordination environment, the most reasonable explanation for an oxidized ligand or 
ligands is peroxide derived from coordinated hydroxide or water.  
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We have so far been unsuccessful in using ESI-MS to characterize the [3,4]’ 
intermediate as aqueous solutions provide poor ionization environments[83] resulting in 
cleavage of the µ-oxo bridge of the blue dimer under all conditions tested. EXAFS data 
suggest that there are no short Ru-O distances in [3,4]’, which makes its structure 
different from the structure of BD [4,5]. From EXAFS, identification of the peroxide 
ligand is complicated by the fact that Ru-OH and Ru-OOH ligands are expected to have 
similar Ru-O bond distances at about 1.98-2.04 Å. Different possibilities for peroxide 
coordination in the blue dimer are summarized in Fig. 3.1.16. 
 
Fig. 3.1.16 Investigated structures of the peroxides in the blue dimer molecule 
All this structures illustrated in Fig. 3.1.16 1, 1’ and 2 assume coordination at a 
single Ru center. Based on EXAFS data (Appendix, Table A.2), Structures involving the 
Ru-O-Ru bridge are determined to be less likely. 
This leaves us with Models 1, 1’, and 2 as possible structures for [3,4]-prime. Model 
2 is ruled out from Resonance Raman analysis shown in Chapter 3.4. Model 1’ is also 
eliminated as it contains the superoxide ligand with an electron effectively transferred 
from the peroxo O-O moiety to a Ru center with reduction of the RuIII-RuIV moiety to 
RuIII-RuIII. This band cannot be assigned to an O-O stretch as determined from 
Resonance Raman experiments carried out in H216O and H218O (Chapter 3.4). We 
evaluated the compatibility of Model 1 with EXAFS data by doing EXAFS fits with 
structural elements of the Models 1, see Appendix, Table A.2, Table 3.1.3, Fig. A.4.  
Fitting of EXAFS data was performed in q, k, and R-spaces and similar results were 
obtained,see Tables 3.1.3 and Appendix, Fig.s in Appendix, Fig. A3.1.2, A3.1.3, A3.1.4.  
Fits of EXAFS data reliably resolve Ru-N interactions at about 2.07 Å and the Ru-O unit 
of µ-oxo bridge at 1.85 Å, Table 2, A.2, and demonstrate that the Ru-O-Ru angle 
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decreased from 171± 2° in [3,4] solution to 164± 2° in the [3,4]-prime intermediate (Fig. 
3.1.5, Fig. 3.1.13, Fig. 3.1.14, Table 3.1.3). Intriguingly, to account for the 
experimentally observed increase in EXAFS intensity just above 2 Å in apparent 
distance, an additional Ru-O interaction at 2.55 Å can be introduced into EXAFS fits 
resulting in the improved fit qualities (Table A.2). While some of the [3,3] and [3,4] 
Fourier transformed EXAFS spectra (Fig. 3.1.12) also show weak peaks around that 
apparent distance, fits to these data do not improve upon introduction of the Ru-O vector 
at 2.6 Å,  Table A.1. 
The Ru-O distance obtained in the analysis is in agreement with expected 1.9-2.0 Å 
distance for the Ru-OO bond. However, resolution and precision (in terms of the analysis 
of N-numbers of Ru-backscatterer interactions) of the EXAFS techniques are insufficient 
to determine a correct model. Currently the exact molecular structure of BD[3,4]’ 
remains unknown. Resonance Raman shown in Chapter 3.4 will be used to shed more 
understanding on this intermediate.  However in order in understand its structure well, 
further DFT analysis by Discrete Fourier Transform (DFT) computation of Raman 
frequencies (Chapter 3.4) and X-Ray Scattering ought to be carried out. Such analysis is 














Table 3.1.3 Comparison of structural parameters for blue dimer [3,4]-prime 
Species,fit 
number in Table 
A1 
EXAFS* 
Shell: N x distance in Å 
XRD [27, 81] 
bond distances are in Å  
Blue dimer [3,4]’ 
Fit # 26 in Table 
A1, 
R-factor =0.0051, 
Reduced Chi2 = 
35676 
Ru-N: 5x 2.07 
Ru-O: 1x1.85 
Ru-C: 8 x 3.00 
 
Ru-O-Ru :164±2° 
Ru-Ru: 1 x 3.66 
 
Model 1 
Fit # 28 in Table 
A1, R-factor 
=0.0025, Reduced 
Chi2 = 23271 
Ru-N: 4 x 2.07 
Ru-O: 1 x 1.84 
Ru-O:1 x 1.93  
Ru-O-Ru :164±2° 
Ru-Ru: 1 x 3.65 
Ru-C: 8 x 2.99 
Ru-OO 1.99-2.00 [84-89] 
*N - Number of vectors is given per Ru center 
 
3.1.7. XANES and EXAFS analysis of BD[4,5] Intermediate 
Ru K-edge XANES measurements were used to analyze oxidation states of Ru 
centers in the blue dimer samples with the characteristic EPR signal assigned previously 
to [4,5]. Fig. 3.1.17 shows Ru K-edge XANES of such sample compared with [3,4] 
starting material and the stable Ru(V) reference compound. Ru K-edge spectra of the 
oxidized intermediate is considerably shifted to higher energy as compared with [3,4] 
starting material, but at lower energy than the Ru(V) reference compound. The Ru(V) 
reference compound also displays a strong pre-edge. The pre-edge of the oxidized 
intermediate is higher than in [3,4] but not as high as in the reference compound. Thus, 
assignment of the [4,5] oxidation state is plausible and is in agreement with an earlier 
interpretation of the EPR signal.[42] 
EXAFS spectra of the [3,4] starting material and [4,5] intermediate are compared in 
Fig. 3.1.17 B. Oxidation results in a decrease in the intensity of the first EXAFS peak and 
a small shift of the peak corresponding to Ru-Ru interactions in the blue dimer at longer 
distance. Thus, EXAFS data indicate a change in the first coordination sphere of Ru 
ligands and an intact Ru-O-Ru bridge. The Ru-O-Ru angle in the oxidized intermediate 
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(166±2°) remained similar to the one in blue dimer [3,4], see Tables 3.1.4, Appendix 
Table A.1, and Fig. 3.1.17. To examine whether the presence of the short Ru-O 
interaction is responsible for broadening and reduced intensity of peak I we introduced a 
third Ru-O shell into EXAFS fits. This resulted in improved fit qualities, Table 3.1.4 with 
Ru-O distance of 1.70 Å.   It is well within the range of Ru=O bond distances expected 
for Ru(V)=O[73] and Ru(IV)=O[67, 90, 91]bonds, Table 3.1.4. The EXAFS analysis 
presented here is a first structural characterization of this molecule which, as noted 
above, is reactive towards formation of the O-O bond and oxygen evolution. Further 
EXAFS and EPR analysis in H217O will be carried out in Chapter 3.2 to demonstrate the 
high spin density on the oxygen center and consequently its radicaloid character. 
 
 
Fig. 3.1.17.A. Normalized Ru K-edge XANES including reference compound for 
Ru(V)=O: tetra-n-propylammonium bis-2-hydroxy-2ethylbutyrato(oxo) ruthenate(V); B. 
Fourier transforms of k3-weighted Ru EXAFS (Appendix, Fig. A.2, A.3). C. Result of the 
Ru-O-Ru angle determination of BD[4,5]. The angle is determined to the one that 





Table. 3.1.4 Comparison of structural parameters for blue dimer [4,5] 
Species,fit 
number in Table 
A1 
EXAFS* 
Shell: N x distance in Å 
XRD [27, 81] 
bond distances are in Å  
 
Blue dimer [4,5] 
 
Fit # 31 in Table 
A1 
Ru-N: 4 x 2.09 
Ru-O: 1x1.87 
Ru-O: 1x1.70 
Ru-C: 8 x 3.02 
 
Ru-O-Ru :166±2° 
Ru-Ru: 1 x 3.71 
 
RuV=O:  1.70 
in RuV reference compound 
[73] 
 
RuIV=O:  1.83; 1.81; 1.81  
in complexes with amino 
ligands [67, 90, 91] 
*N - Number of vectors is given per Ru center 
3.1.8. Conclusion 
This chapter summarizes the electronic and structural configurations of stable 
intermediates BD[3,3], BD[3,4] as well as reactive intermediate BD[4,5]. Preliminary 
structural information about the intermediate BD[3,4]-prime is also provided. In 
summary, UV-Vis stopped-flow, EPR, XAS, and O2 evolution measurements on the blue 
dimer water oxidation catalyst oxidized through single and multiple catalytic turnovers 
resulted in characterization of a new reactive intermediate [3,4]’ and the previously 
described blue dimer [4,5]. During O2 evolution a pH = 1, most of the blue dimer catalyst 
exists as [3,4]’ suggesting that it is either the active form of the catalyst or a key 
intermediate where oxidation is a rate limiting reaction under the conditions of the 
experiment. This intermediate has a different EPR spectrum with different relaxation 
properties compared to the stable [3,4] precursor. EPR and X-ray absorption near edge 
structure (XANES) are consistent with the assignment of oxidation states III and IV to 
the Ru centers in [3,4]’. However, a minimum number of 2 oxidizing equivalents are 
needed to generate this intermediate from blue dimer [3,4]. EPR and XAS spectroscopic 
characteristics of [3,4]’ are significantly different from blue dimer [4,5], which is also a 2 
electron oxidation product of blue dimer [3,4] characterized in this study. EXAFS 
analysis demonstrates considerably modified ligand environments in [3,4]’ and [4,5] as 
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intermediates. Further Resonance Raman analysis will be described on this intermediate 
in Chapter 3.4.  However, information shown in this chapter about the structure and 
electronic states of key reactive intermediates BD[4,5] and BD[3,4]-prime helps further 
the analysis of the reaction mechanism by DFT and may contribute to catalyst 




















3.2. Experimental demonstration of Radicaloid character in RuV=O intermediate in 
Blue Dimer Water Oxidation  
3.2.1. Introduction 
In chapter 3.1, we showed the structure of stable and reactive intermediates in the 
catalytic cycle of the first designed blue dimer catalyst. In this chapter, we present a 
deeper analysis of electronic structure of the BD[4,5] intermediate. Previous literature 
reports have also showed that DFT analysis of the BD [5,5] intermediate demonstrated 
unusually high spin density on the oxygen atom of the d3 RuV=O fragment [45, 56, 57] 
and suggested that this property is important for reactivity towards water.  
This section is particularly exciting as it demonstrates the radicaloid character of the 
RuV=O intermediate experimentally by analyzing the spin density distribution in the BD 
[4,5] intermediate . This section alongside shows that the EPR results obtained for 17O-
labeled BD[4,5] showed in the blue dimer catalytic cycle (Fig. 3.1.1 , Chapter 3.1) is 
consistent with the hypothesis of the involvement of a radicaloid intermediate in the 
activation of water by blue dimer water oxidation catalyst . The high spin density on the 
oxygen atom of the RuV=O fragment in the BD[4,5] intermediate was mapped by 
incubating the blue dimer catalyst in H217O and using 17O nucleus as a spin reporter. 17O 
isotope has a nuclear spin of 5/2 and can interact with unpaired electrons to produce 
noticeable hyperfine splittings ((2.9), Chapter 2). Results described in this chapter show 
that the highly-oxidized short lived intermediate BD[4,5] in the blue dimer catalytic cycle 
has at least one RuV=O unit and shows xxA = 60 G 
17O hyperfine splitting (hfs) 
consistent with the high spin density of a radicaloid. 
 
3.2.2 Demonstration of radicaloid character by EPR  
 3.2.2.1 Simulation of BD[4,5] in H216O 
The EPR spectrum of BD[4,5] was simulated in normal water and in H217O in order 
to determine the proper hyperfine splittings consistent with the high spin density of a 
radicaloid. The EPR spectrum of BD [4,5] is shown in Fig. 3.1.5, Chapter 3.1. This signal 
has been observed earlier [42, 61] and was assigned to a signal from the S=1/2 spin state 
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with gxx = 2.03, gyy=1.98, gzz=1.87 g-tensor. Simulations of this spectrum were however 
not carried out before. EPR simulations carried out in this section show that the g-tensors 
gxx = 2.03 and gzz=1.87 are clearly resolved in the spectrum. However, gyy component is 
not directly visible in the spectrum (possibly due to effects of Ru99,101 hfs and dipole 
broadening). Series of simulations with line widths of 25, 30 and 50 G at gxx, gyy and gzz 
are shown in Fig. 3.2.1 A. gyy was varied in 2.02-1.90 range. Spectrum simulated with 
gyy=1.98 fits the best the overall experimental spectral shape, Fig. 3.2.1 B.  
 
Fig. 3.2.1 A. Simulation of BD[4,5] spectrum without Ru99,101 hfs and series of 
simulations with gyy varying from 1.90-2.02. Spectrum with gyy = 1.98 fits the overall 
experimental shape B. Residual obtained by subtracting experimental spectra from 
simulated spectra(Simulated spectra with gyy = 1.98 gave the least residual) 
Also, the combined natural abundance of Ru99 and Ru101 (I=5/2) is about 30%. For a 
BD molecule containing two Ru centers, one should expect about 50% of the complexes 
to have at least one Ru center as Ru99,101 and about 10% of complexes to have both Ru 
centers as Ru99,101. In addition to this, two Ru centers might have different spin densities. 
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We expect the Ru center of the RuV=O fragment to have higher spin density as compared 
to RuIV-OH fragment. Addition of one Ru center with Ayy=40±5G and Azz=25±5G 
improves the agreement of simulated and experimental spectra, Fig. 3.2.2 A,B.  
All samples were prepared in water solutions at pH=1 (HNO3) and as such, we 
cannot exclude some dipole broadening arising from the failure of water solutions to 
form glass preferable for low T EPR analysis. This explains the discrepancy between 
simulated and experimental spectra. Due to the large line width in the BD [4,5] EPR 
spectrum, it is difficult to reliably extract the full Ru99,101 hfs-tensor and as such, the error 
of the simulation was estimated to be 5 G. The simulated EPR spectrum in Fig. 3.2.2B 
reflects the isotopic composition for Ru99,101 (I=5/2).  
 
 
Fig. 3.2.2 A. Simulation of BD[4,5] with no hfs (40 % contribution) and gyy = 1.98 and 
with addition of one Ru center (50 %) and two Ru centers (10 %) with Ayy=40±5G and 
Azz=25±5G  B. Comparison of BD[4,5] with final simulated spectra obtained by adding 
simulated spectra shown in Fig. A in the correct percentages. 
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The EPR results are also in agreement with earlier experiments for the BD complex 
prepared in the highly oxidized conditions at pH=0.5, where apparent Ru99,101 hyperfine 
splittings on the order of 40 G were reported [24, 92]. A full Ru99,101 hfs-tensor of 40 G 
was also  reported for the oxidized Ru(V) complex derived from cis-
[RuII(bpy)2(H2O)2]2+[93]. 
 
3.2.2.2 Simulation of BD[4,5] in H217O 
As discussed in Chapter 3.1, samples highly enriched with BD[4,5] can be prepared 
by the automated freeze quench technique or constant potential electrolysis redox 
titrations with carbon fiber electrode [61].However, neither of these approaches can be 
used for preparation of 17O-enriched BD[4,5] because of the prohibitive cost of H217O 
water. 17O enrichment of BD[3,3] was therefore achieved by dissolution of BD[3,3] 
powder in 60 % enriched H217O and incubation for 24 hrsa. Under such conditions H2O 
molecules coordinated to Ru centers in BD [3,3] are readily exchangeable [94]. 1 eq of 
Ce(IV) in H216O/H2N16O 3 solution was added to 1 mM BD [3,3] in 60% enriched H217O 
to acidify solution to pH=1 and to form BD [3,4]- 17O. Soon after, excess of Ce(IV) (20 
eq.) in H216O/H2N16 O 3 was added to form BD [4,5]- 17O and solution was frozen within 
30 sec. Final H217O enrichment was 50% due to dilutions. 17O enrichment of the BD 
molecule is estimated to be between 50-60% due to slower rate of H2O exchange in BD 
[3,4]. Thus, we achieved the BD [4,5] intermediate with terminal Ru-O groups labeled 
with 17O while bridging oxygen is not exchangeable under conditions of the experiment 
[42].  
The experiment with H217O was repeated two times and same EPR spectra were 
obtained for reaction mixtures. Samples prepared by manual freezing in H2O (control) 
and H217O contain up to 50% of BD [3,4] -prime species which is a product of BD [4,5] 
reaction with water, Fig. 3.2.3 A. Melting of samples results in complete conversion of 
BD [4,5] into BD [3,4]-prime intermediate, Fig. 3.2.3 A. Pure BD [4,5] EPR spectra were 
extracted by  subtracting the contribution of BD [3,4]-prime product from the initial 
mixture. For BD [4,5] in regular water, spectra obtained by freeze quench and spectra 




Fig. 3.2.3 A. EPR spectra of the reaction mixture obtained by quick manual mixing of 
BD[3,4] (1.2 mM in 0.1 mol HNO3) starting catalyst and 20 eq. Ce(IV). BD[4,5] converts 
into BD[3,4] prime intermediate on sample melting. B. EPR spectra of the BD[4,5] 
obtained with freeze quench (0.5 mM in 0.1 mol HNO3, 1 s freezing time; black) and 
quick manual mixing (1.2 mM in 0.1 mol HNO3) and subtraction of product spectra (red). 
Hence melting the 17O samples resulted in the EPR spectrum of BD [3,4]-17O-prime 
intermediate, Fig. 3.2.4B. Subtraction of the EPR of BD [3,4]-17O-prime species from the 
EPR spectrum of the initial mixture allows extraction of the BD [4,5]-17O spectrum, Fig. 
3.2.4A. This spectrum is significantly broadened in comparison to the control, and 
components of 17O hfs (I=5/2) are clearly visible on the low field side of the spectrum, 
Fig. 3.2.4 A. Splitting between these components is about 60 G. Upon adding 17O hfs of 
Axx=60G (taking into account lower estimated (50%) of 17O enrichment) and using all 
other parameters as determined by the fit of the EPR spectrum of unlabeled BD [4,5], the 





Fig. 3.2.4 A EPR spectra of BD [4,5] (0.5 mM in 0.1 mol HNO3) and BD [4,5]- 17O (1.2 
mM in 0.1 mol HNO3) extracted by subtracting EPR spectrum of BD[3,4]-prime and 
BD[3,4]- 17O-prime (1 mM in 0.1 mol HNO3)  products from initially obtained reaction 
mixtures.  Simulation of the BD[4,5]- 17O spectrum is shown by red dashed line. B. 
Comparison of the EPR spectra of BD[3,4]-prime and BD[3,4]- 17O-prime species, (1mM 
in 0.1 mol HNO3). 
There is a rather large uncertainty in the determination of Ayy and Azz components of 
17O hfs tensor as they are not clearly resolved. Upper limit for Azz was estimated to be 25 
G from analysis of the line broadening of the gzz component. Additional simulations for 
effect of Ayy and Azz values on spectral shape are shown in Fig.3.2.5A, B. For instance, in 
order to simulate spectrum of BD [4,5] in 17O enriched water, six different simulations’ 
combinations were added: one 17O and zero Ru 99/101 isotopes, one 17O and one Ru 
99/101 isotope, zero 17O and one Ru 99/101 isotope, zero 17O and two Ru 99/101 
isotopes, one 17O and two Ru 99/101 isotopes. Hyperfine splittings Axx for BD[4,5] in 
17O could be well fitted. However the values of Ayy and Azz were uncertain. Simulations 
were carried out (Fig. 3.2.5 A,B) with Axx = 60 G and Ayy varying from 5-45 G, and with 
Axx = 60 G and Ayy varying from 5-45 G. The best simulations agreement were obtained 
along the g-factor axis when Axx and Ayy varied between 5-15 G. Overall, the EPR data 
are consistent with the presence of one oxygen center with high spin density. Although 
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the spectrum of BD[4,5]-17O is significantly affected by large 17O splitting, spectra of 
BD[3,4]-prime and BD[3,4]-17O-prime intermediates are similar, and no line broadening 
can be noted. Possible molecular structures of the BD[3,4]-prime intermediate as well as 
Resonance Raman experiments will be shown in Chapter 3.4. However while high spin 
density is clearly present in BD[4,5], low spin density on oxygen in BD[3,4]-prime is 
consistent with a peroxide intermediate with possibly and end-on Ru-OOH coordination. 
 
Fig. 3.2.5 Simulation of BD[4,5] in H217O simulated by Axx = 60 G A. with addition of 
Ayy from 5-45 G. B. with addition of Azz = 5-45 G .  
3.2.3. Conclusion 
In summary, we have experimentally shown the high spin density on the oxygen in 
the d3 RuV=O fragment of the BD[4,5] intermediate, which is reactive in catalytic water 
oxidation through EPR analysis in H217O water. We are not aware of other experimental 
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studies of the high spin density in M=O units. The RuV=O unit is the first to show large 
radicaloid character and associated large 17O hfs. We cannot exclude that more radicals 
like the RuV=O will be discovered in the future by analysis of highly reactive M-O units 
with different metal ions which has electronic configuration similar to RuV=O. In 
addition to experimental results shown here, further DFT calculations carried in [75] 
reproduce the high spin density on the oxygen in RuV=O. Calculations show that the 
presence of a singly occupied antibonding molecular orbital with a high contribution of 
oxygen p-orbital is responsible for the high spin density on oxygen and its activated 
radicaloid character. Experimental results shown in this chapter coupled with calculations 
show that the design of catalysts with partially stabilized oxyl radicals may be an 




















3.3. Mechanism of Water Oxidation by the Ruthenium Blue Dimer Catalyst: 
Comparison in D2O versus H2O 
3.3.1 Introduction  
 This chapter shows the catalytic cycle of the blue dimer (Fig. 3.1.1, Chapter 3.1) 
monitored in D2O by combined application of stopped flow UV-Vis, electron 
paramagnetic resonance (EPR) and resonance Raman spectroscopy further explained in 
Chapter 3.4. This analysis was performed in order to gain deeper insight into the 
mechanism of the water oxidation reaction by studying the kinetic isotopic effect on the 
overall reaction shown in Fig. 3.1.1. The H/D isotope effect is also used to help identify 
reaction steps coupled to proton transfer. We showed in Chapter 3.1 that blue dimer [3,3] 
and [3,4] are stable forms of the catalyst and in chapter 3.2 that BD[4,5] is active towards 
O-O bond formation with generation of peroxo intermediate BD[3,4]-prime. All these 
conversion steps involve proton abstraction.  
This chapter describes H2O/D2O kinetic isotope effects (KIE) in water oxidation by 
the blue dimer. Isotope effects appear in Ce(IV) oxidation of BD[3,4] to BD[4,5] and in 
BD[4,5] reaction with water with the formation of BD[3,4]’. A kinetic isotope effect 
(KIE) of 2.1-2.5 was determined for the latter step experimentally by combined UV-Vis 
stopped flow and EPR analysis. This value is consistent with observations made earlier 
for a single site water oxidation catalyst where it was concluded that the mechanism of 
O---O bond formation was Atom Proton Transfer (APT). In this mechanism, O---O bond 
formation occurs in concert with loss of a proton to a second water molecule or cluster 
with a reported KH2O/KD2O = 6.6 [95]. By contrast, the H2O/D2O KIE for the overall 
reaction in the blue dimer catalytic cycle is small. This comparison reveals that the rate 
limiting step or steps in the overall water oxidation catalytic cycle is not the O---O bond 
forming step and is consistent with rate limiting oxidation of BD[3,4]’ by Ce(IV).    
3.3.2. Determination of the KIE (KH2O/KD2O) for Oxygen Evolution with Blue Dimer 
Catalyst 
 The blue dimer catalyst evolves oxygen when Ce(IV) oxidant is added at acidic 
pH as illustrated in Fig. 3.1.1, Chapter 3.1 in thesis. Oxygen evolution measurements 
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were carried out with an oxygen electrode immersed in the reaction mixture (0.1 M 
HNO3 as well as 0.1 DNO3). Fig. 3.3.1 shows the profile of the O2 evolution from a 
solution of 0.1 mM of blue dimer catalyst in 0.1 M HNO3. In order to induce a single 
turnover, 4 eq. of Ce(IV)  were added to 0.1 mM BD[3,3] catalyst. This experiment was 
carried out beforehand in Fig. 3.19 B (Oxygen Evolution, Chapter 3.1). This section 
shows parallel oxygen evolution analysis carried out in H2O and D2O water. O2 evolution 
continued for about 5 minutes in H2O and D2O and resulted into evolution of 0.044 µmol 
and 0.034 µmol of oxygen (Fig. 3.3.1, Table 3.3.1) respectively. The initial rate of 
oxygen evolution determined within the first 30 seconds was 9.5 × 10-4 µmol/sec and 6.1 
× 10-4 µmol/sec in H2O and D2O respectively (Fig. 3.3.1A).  When excess Ce(IV) (20 
equivalents) was added to solutions of the BD[3,3] catalyst, oxygen evolution resulted in 
0.36 µmol and 0.33 µmol of O2 in H2O and D2O respectively and the maximum rate of 
O2 evolution was 4.3 x 10-3 µmol/sec and 3.8 × 10-3 µmol/sec respectively (Fig. 3.3.1A, 
Table 3.3.1). The turnover frequency in H2O/D2O was determined by the ratio of the 
initial rate of oxygen evolution when excess Ce(IV) is added, multiplied by the total 
volume of catalyst used (1000 µL) over the concentration of BD[3,3] catalyst (0.1 mM). 
The turnover frequency (TOF) in H2O was determined to be 0.043/s whereas reaction in 
D2O yielded a TOF of 0.038/s. This suggests that one catalytic cycle in H2O and D2O is 
about 23 s and 26 s respectively. This small difference suggests that the rate limiting step 
(in this case it is proposed to be oxidation of [3,4]’, see below and in [61]) is not 
significantly affected. The values obtained for the turnover frequencies are comparable to 
the time frame for formation of the oxygen evolving BD[3,4]’ intermediate (7 and 25 in 
H2O and D2O respectively, see below for details). In summary, oxygen evolution in BD 
is only slightly slower when the reaction is carried out in D2O compared to H2O. This 
arises from slower kinetics for the formation of the oxygen evolution intermediate 





Table 3.3.1: Rate of Oxygen Evolution and Total Oxygen Evolution for 0.1mM BD in 
H2O and D2O solution at pH=1. 






BD + 4 eq. H2O 9.5 × 10-4 0.044 0.043/s 
BD + 20 eq. H2O 4.3 × 10-3 0.36 
BD + 4 eq. D2O 6.1 × 10-4 0.034 0.038/s 
 BD + 20 eq. D2O 3.8 × 10-3 0.33 
*was calculated using initial rate of oxygen evolution. 
 
 
Fig. 3.3.1 Kinetics of O2 evolution recorded with oxygen electrode immersed in (a) H2O 
and (b) D2O solution of the blue dimer [3,3] (0.1 mM in 0.1 M HNO3) after addition of 4 




3.3.3 Stopped-Flow Kinetic Analysis of Blue Dimer Water Oxidation Cycle  
Stopped-flow UV-Vis kinetic analysis of the BD oxidation was carried out in order 
to delineate which steps of the catalytic cycle are affected by D2O and, thus, are 
responsible for slowing down catalytic water evolution. In a first set of experiments, the 
stable catalyst BD[3,3] at a concentration of 0.1 mM was used as starting material. UV-
Vis measurements were carried out under same stoichiometric conditions as in the 
oxygen evolution measurements, by adding 4 eq. and excess (20 eq.) of Ce(IV) to 0.1 
mM BD[3,3] in H2O and D2O, (Fig. 3.3.2 A,B). The UV-Vis spectra of stable forms of 
the BD[3,3] (637 nm - absorption maximum in 0.1 M HNO3) and [3,4] (494 nm - 
absorption maximum in 0.1 M HNO3) as well as absorbance-time changes following 
addition of Ce(IV) were monitored. Kinetic of BD[3,3] oxidation to [3,4] with Ce(IV) 
was studied earlier and a rate constant k ~ 2 × 104 M-1s-1 at pH 0 in HClO4 was obtained 
[29]. Similar rate constants of 1.22 – 2 × 104 M-1s-1 were observed in this work for 
BD[3,3] oxidation to BD[3,4] in H2O and D2O at pH 1 (Table 3.3.2).  
Oxidation of BD[3,3] by addition of 4 eq. and excess Ce(IV) (20 eq.) is accompanied 
by a shift in the absorption maximum from 494 nm to 480 nm (Fig. 3.3.2A ) and also 
shown in Fig. 3.1.4, Chapter 3.1. Note that the absorption peak width (about 100 nm) is 
much larger than the shift in the absorption maximum which complicates the 
interpretation of the UV-Vis data. As explained before, the absorption maximum at 480-
482 nm, by further EPR and resonance Raman analysis, corresponds to BD[4,5]. When 
excess Ce(IV) is added, decay of BD[3,4] is accompanied by formation of BD[4,5]. It is 
evident from inflection points (Table 3.3.3) that oxidation of BD[3,4] is slower in D2O 
(Fig. 3.3.2 A,B). For instance, the inflection points for the UV-Vis absorption decay of 
BD[3,4] to form BD[4,5] were found at 4.2 s and 8.6 s respectively when only 4 eq. of 
Ce(IV) is added to BD[3,3] (Fig. 3.3.3A). These values are in exact agreement with the 
time scale for maximum BD[4,5] formation in H2O and D2O, 4.2 and 8.6 s respectively 
(Fig. 3.3.3). In addition, when 4 eq. of Ce(IV) is added to BD[3,3], the times at which 
BD[3,4]’ starts to form and exceeds the concentration of BD[4,5] were 8.6 s and 21.1 s in 
H2O and D2O respectively (Fig. 3.3.3 A, B) . These times are also in agreement with the 
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times determined for the rise of BD[3,4]’ from UV-Vis time-dependent spectral data in 
Fig. 3.3.2A. When excess (20 eq.) Ce(IV) is added to BD[3,3] (Fig. 3.3.2 A,B), the 
inflection points for decay of BD[3,4] forming BD[4,5] were 1.5 s and 3.2 s in H2O and 
D2O (Table 3.3.3) displaying a similar KIE of kH2O/kD2O  of 2-2.1. 
Stopped-flow UV-Vis measurements were also conducted at a higher concentration 
of BD (0.25 mM) with BD[3,4] as the starting form of the catalyst to simplify the 
catalytic cycle. These conditions parallel the sample preparation for EPR and resonance 
Raman analysis. The inflection points (indicated in Fig. 3.3.2 A, B) for the reaction of 
BD[4,5] with H2O to form BD[3,4]’ were compared at 0.1 mM and 0.25 mM catalyst 
concentrations (Table 3.3.3).  
Based on fitting the decay of BD[3,4] absorbance-time traces, rate constants for the 
formation of BD[4,5] were found to be 1000 ± 42 M-1s-1 and 470 ± 20 M-1 s-1 in H2O and 
D2O respectively (Fig. 3.3.3, Table 3.3.2). Fits of the rise in absorbance, corresponding to 
the formation of BD[3,4]’, gave k = 300 ± 10 M-1 s-1 and 120 ± 12 M-1 s-1 in H2O and 
D2O respectively (Fig. 3.3.3, Table 3.3.2) Rate constant comparisons of the data in Table 
3.3.2 and comparisons of inflection points and concentration mapping profiles (Table 





Fig. 3.3.2 A. Stopped-flow UV-Vis measurement of BD[3,3] (0.1 mM) oxidation with 4 
eq. and 20 eq. of Ce(IV) at pH 1 (HNO3) in H2O and in D2O. B. Comparison of the 





Fig. 3.3.3 Kinetic modeling of the reaction of 0.1 mM BD[3,3] with 4 eq. of Ce(IV) at pH 
1 in (a) H2O and (b) D2O. Concentration profiles of BD[3,3], BD[3,4], BD[4,5], BD[3,4]-
prime and Ce(IV) are shown. Rate constants are given in Table 3.3.2. UV-Vis absorbance 
kinetic results for these reactions are shown in Fig. 3.3.1 A, B. 
Table 3.3.2: Rate constants derived from kinetic modeling of the reaction of 0.1 mM 
BD[3,3] with 4 eq. of Ce(IV) in HNO3 and DNO3 at pH  = 1. UV-Vis absorbance curves 
and kinetics fits are shown in Fig.s 3.3.2A and 3.3.3 
Reaction (Fits from BD[3,3] + 4 
eq. Ce(IV) in H2O and D2O) 
Rate Constants in H2O 
(M-1 s-1) 
Rate Constants in D2O 
(M-1 s-1) 
BD[3,3] + Ce(IV) →  BD[3,4] 
 
2.0 × 104 ± 280 1.2 × 104 ± 200 
BD[3,4] + Ce(IV) →  BD[4,5] 1000 ±42 470 ± 20 







Table 3.3.3 Inflection points from the reaction of 0.1 mM BD[3,3]+ 4 eq and 20 eq 
Ce(IV) in HNO3 and DNO3 at pH  = 1 and 0.2 mM BD[3,4] + 20 eq Ce(IV) in HNO3.  
Reactions Inflection point for 
reaction of BD[4,5] in 
H2O 
Inflection point for 
reaction of BD[4,5] in 
D2O 
BD+ 4 eq Ce(IV) (0.1 mM 
for Oxygen Evolution) (Fig. 
3.3.2, 3.3.3) 
4.2 s 8.6 s 
BD + 20 eq Ce(IV) (0.1 
mM for Oxygen 
Evolution)(Fig.  3.3.2) 
1.5 s 3.2 s 
BD+ 20 eq Ce(IV) (0.25 
mM for EPR and resonance 
Raman)  (Fig. 3.3.5 C) 
645 ms 1.45 s 
Uv-Vis absorbance-time traces and kinetic fits are shown in Fig. 3.3.2 and 3.3.3 or 
reaction of 0.1 mM BD[3,3] with 4 eq. and 2eq. Ce(IV) and in Fig. 3.3.4 for reaction of 
0.25 mM BD[3,4] with 20 eq. Ce(IV) 
3.3.4 EPR demonstration of extended lifetime of BD[4,5] in D2O  
As described in Chapter 3.1, the intermediate BD[4,5] has a characteristic EPR 
spectrum reported previously with g-tensor (gxx=2.039, gyy=1.995, gzz=1.895) [42, 61], 
later simulations gave gxx = 2.03, gyy=1.98, gzz=1.87[75]. This intermediate is unstable 
and, thus, freeze quench techniques were used previously to prepare BD[4,5] (Fig. 3.1.10, 
Chapter 3.1 in thesis).We notice, however, that when BD[3,4] is oxidized with excess of 
Ce(IV) in D2O (pH=1, 1 mM HNO3) and samples are manually frozen (approximately 30 
sec after mixing), the EPR spectrum is dominated by the BD[4,5] signal (Fig. 3.3.3 A). 
When the same experiment is performed in H2O (pH=1, 1mM HNO3) the spectrum is 
dominated by BD[3,4]’ (Fig. 3.3.3A). These results show that BD[4,5] is stabilized in 





Fig. 3.3.4 X-Band EPR of 1 mM BD[3,4] mixed with 20 eq. Ce(IV) by hand in HNO3 
and DNO3, pH 1  
The same samples were also analyzed by resonance Raman with excitation at 532 
nm, Fig. 3.3.3 B. Further Resonance Raman will be analyzed in Chapter 3.4.  Raman 
measurements shown confirm that combined EPR and Raman data are consistent with 
stabilization of BD[4,5] in D2O.  
3.3.5. Time resolved EPR spectroscopy  
In order, to further assess the dynamics of the oxygen evolving catalytic cycle, time 
resolved EPR spectroscopy and resonance Raman measurements shown in Chapter 3.4 
were carried out on frozen samples prepared by stopped-flow mixing of BD[3,4] with 20 
eq. excess of Ce(IV) with consecutive freeze quench cycles at defined time intervals. 
EPR spectra of samples prepared in 0.1 M HNO3 [61] and DNO3 are shown in Fig. 3.3.4 
A,B. Parallel stopped-flow UV-Vis absorption kinetic measurements are shown in Fig. 
3.3.4 C.  
Fig. 3.3.4 C shows the characteristic changes in absorbance at 481 nm upon 
oxidation of BD[3,4] with arrows indicating the times at which samples were collected 
for EPR analysis in HNO3 and DNO3. These experiments were repeated several times and 
similar results were obtained. Upon comparing Fig.s 3.3.4 A and 3.3.4 B, we see that the 
intensity of the BD[3,4] signal with g-factor around 1.85 quickly decreases giving rise  to 
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the transient intermediate BD[4,5] which is observed with a small contribution of 
BD[3,4] at 397 ms and without a contribution from BD[3,4] at 1.24 s (Fig. 3.3.4 A). 
These times agree well with the inflection point for BD[4,5] formation at 645 ms (Table 
3.3.3 , Fig. 3.3.4 C). BD[4,5] persists for ~4 s and reacts with water forming BD[3,4]’at 
~30 s. The latter evolves O2 and slowly forms BD[3,4]. We observe a mixture of the 
BD[3,4]’ and BD[3,4] at ~1 min. This reaction is slowed by a factor of ~2.1-2.5 in DNO3. 
Upon addition of excess Ce(IV) in DNO3, the BD[3,4] signal persists until 480 ms before 
forming intermediate BD[4,5]. BD[4,5] is obtained in mixtures with BD[3,4] at 480 ms. 
There is no BD[3,4] in the mixture at 2.2 s (Fig. 3.3.4 B). This agrees with the inflection 
point at 1.45 s observed with UV-Vis kinetic measurements for the formation of BD[4,5] 
in D2O (Fig. 3.3.4 C). The BD[4,5] intermediate persists for a longer time, ~11s, before 
forming a mixture that contains some BD[3,4]’. A 40-50 % presence of BD[4,5] is still 





Fig. 3.3.5 A. X-Band EPR of 0.25 mM BD[3,4] with 20 eq. Ce(IV) in H2O freeze-
quenched at different time intervals B. X-Band EPR of 0.25 mM BD[3,4] with 20 eq. 
Ce(IV) in D2O freeze-quenched at different time intervals C. UV-Vis absorbance curve at 
481 nm showing times at which samples were freeze-quenched in H2O and D2O. (The 




Isotope effects on the kinetics of intermediate formation in the catalytic cycle for 
water oxidation by the blue dimer have been analyzed by a combination of UV-Vis 
stopped flow kinetics, oxygen evolution, EPR spectroscopy and resonance Raman 
measurements. The rate of Ce(IV) oxidation of BD[4,5] with subsequent reaction with 
water and formation of BD[3,4]’ was decreased by a factor of 2.1-2.5 in D2O consistent 
with Atom Proton Transfer. The overall oxygen evolution rate was affected to a far lesser 
degree showing that the rate limiting step in the overall mechanism is the O-O bond 
formation but oxidation of BD[3,4]’. 
Time resolved EPR and Raman measurements further explained in Chapter 3,4 have 
shown that BD[4,5], with a characteristic EPR spectrum and Raman vibration for Ru=O 
at 816 cm-1, persists for longer times in D2O than in H2O. Our results add to a literature 
utilizing flow kinetic methods and deuterium isotope effects to resolve individual steps in 
catalytic mechanisms  with examples in dehydrogenase and oxygenases over CeO2 


















3.4: Resonance Raman Characterization of Blue Dimer Intermediates  
3.4.1. Introduction 
In previous chapters 3.1-3.3, various techniques have been used to gain interesting 
structural insights about different intermediates along the blue dimer catalytic cycle. 
Although techniques such as Electron Paramagnetic Resonance and X-Ray Spectroscopy 
provided information about spin state, spin density distribution, electronic and structural 
information about some intermediates, the coordination of the terminal Ruthenium oxo 
ligands of transient reactive intermediates namely BD[4,5] and BD[3,4]-prime were still 
unclear. Resonance Raman with 532 nm excitation was carried out in order to monitor 
vibrational frequencies of Blue dimer intermediates in the catalytic cycle, including the 
Ru-O-Ru stretching modes as well as the terminal Ru-oxygen groups. Isotopic labeling of 
the exchangeable oxygen groups (water ligands attached to the Ruthenium centers, note 
that Ru-O-Ru bridging oxygen is not exchangeable) of the intermediates was carried out 
by incubating the catalysts in H218O water for a period of at least 24 hours. Such type of 
isotopic labeling enabled identification of vibrations with participation of oxygen atoms 
(via shifts in the frequency bands of the blue dimer intermediates). From previous 
literature reports, we attributed certain bands’ shifts to RuV=O, namely in BD[4,5]. The 
structure of the oxygen evolving intermediate, BD[3,4]-prime is still unclear and heavily 
debated[61, 75, 77, 99]. Gathered Resonance Raman showed in this chapter provides 
interesting information about the vibrational bands of all blue dimer intermediates. 
Results also clarify our understanding of the stability of certain intermediates in different 
media, and electron transfer events that can take place upon the addition of a kinetically 
facile transfer mediator like [Ru(bpy3)]3+. 
 This chapter summarizes Resonance Raman results obtained on all blue dimer 
intermediates along its catalytic cycle. In order to further assess the dynamics of the blue 
dimer catalytic cycle, time resolved Resonance Raman measurements were carried out in 
parallel with time resolved EPR spectroscopy .Frozen samples were prepared by stopped-
flow mixing of BD[3,4] with 20 equivalents (eq.) excess of Ce(IV) with consecutive 
 
 85 
freeze quench cycles at defined time intervals. Freeze quench experiments were carried 
out in both normal H2O and D2O water in order to detect any additional interesting bands 
and monitor the rate of formation of some intermediates in D2O. The 
Hydrogen/Deuterium isotope effect used to identify the reaction steps coupled to proton 
transfer are discussed in Chapter 3.3.  
The stability of the BD[3,4]-prime intermediate as well as the rapid oxidation of this 
intermediate in the presence of kinetically facile mediators Ru3+from [Ru(bpy)3]3+ was 
also discussed. Such Raman experiments showed that the control of kinetics of electron 
transfer can result in activated highly oxidized species as well in the rapid oxidation of 
peroxide [3,4]-prime intermediate.  
Time–resolved Resonance Raman were carried out by incubating the starting 
material BD[3,3] for 24 hours in 50 % H216O and H218O, and transient intermediates 
were generated in a similar manner by stopped-flow freeze quench techniques at shorter 
time intervals. This set of experiment enabled us to pinpoint any Raman bands 
originating from Ru-O and O-O vibrations in a short-lived species prior to the formation 
of the [3,4]-prime intermediate.  
3.4.2: Resonance Raman of Blue Dimer Intermediates 
3.4.2.1 Resonance Raman of BD[3,4] 
The resonance Raman spectrum of stable intermediate BD[3,4] has been determined 
in previous literature reports [55, 74] and is shown in Fig. 3.4.1. The main spectral 
feature at 390-393 cm-1 corresponds to the symmetric Ru-O-Ru stretching mode[55]. As 
discussed previously (Chapter 3.1), BD [3,4] can also be prepared in three different 
protonation states and their UV-visible spectra are pH-dependent with bridge-based dπ-> 
dπ* bands appearing in the visible region at different wavelengths(Fig. 3.1.3 A ,Chapter 
3.1). Previous literature report by Liu and associates [29] show that the symmetric Ru-O-
Ru appears at different wavelengths for BD[3,4] at pH 0 ([(H2O)RuIVORuIII(OH2)]5+), pH 
1([(HO)RuIVORuIII(OH2)]4+) and pH 7 ([(OH)RuIVORuIII(OH)]3+) . However we 
demonstrate here that that is not the case as the main Raman spectral feature for BD[3,4] 
dissolved at different pHs demonstrate the same wavenumber at 393 cm-1 . This 
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emphasizes the point that  the Ru-OH2 and Ru-OH modes are not visible in the Raman 
spectrum as has been previously demonstrated by Hurst and co-workers[55]. The Raman 
spectra of BD[3,4] prepared in regular and in 18O-enriched (98 %) water are also almost 
identical showing that the bridging oxygen is not exchanged under experimental 
conditions and that the Ru-OH and Ru-OH2 modes are again undetectable (Fig. 3.4.2). 
 
 
Fig. 3.4.1 Resonance Raman with excitation at 532 nm of the blue dimer [3,4] at pH 0, 
pH 1 and pH 7 
 
Fig. 3.4.2 Resonance Raman with excitation at 532 nm of the blue dimer [3,4] in regular 




3.4.2.2. Resonance Raman of BD[4,5] and freeze quench sample preparation in H2O 
versus D2O 
Fast freeze-quenching of reaction mixture was performed by using the stopped-flow 
system in order to observe the Resonance Raman of shorter lived intermediates such as 
BD[4,5]. The highly oxidized intermediate BD[4,5] was prepared by adding excess 
Ce(IV) (20 eq. Ce(IV) to BD[3,4]  and fast-freeze quenching at the same time intervals as 
for EPR (Fig. 3.4.3). The 816-818 cm-1 peak arises from the Ru=O stretch[44, 74, 94] and 
was observed in samples prepared at 100 ms-7s (Fig. 3.4.3) which is in agreement with 
earlier EPR characterization (Fig. 3.1.10 in Chapter 3.1). The maximum peak at 816-818 
cm-1 indicating maximum presence of BD[4,5] occurs at 4 s as expected from EPR 
analysis (Fig. 3.4.3).   
This peak also undergoes a 35 cm-1 shift to lower frequency for BD[4,5] prepared in 
0.1 M HNO3/H218O (Fig. 3.4.4). Based on earlier literature reports, this shift is in good 
agreement with assignment of the 816 cm-1 band to a RuV=O vibration. The 816 cm-1 
band grows in relative intensity from 100 ms-4 s and then decreases after  7s, giving rise 
to the band at 683-688 cm-1 which will be assigned as described in section 3.4.2.4 to a 
BD[3,4]-prime species. At the same time, the band for the Ru-O-Ru bridge mode shifts 
from 390 (at 4 s) to 410 cm-1 (at 15 s) corresponding to a shift in the main spectral feature 
of BD[4,5] to BD[3,4]-prime, whose characteristics are described in section 3.4.2.4. As 
shown in Fig.s 3.4.3 and 3.4.4, a separate band for the RuIV=O vibration was not resolved 
due to protonation of this group and formation of RuIV-OH as explained in Section 
3.4.2.1. Unfortunately as observed from earlier Raman measurements out on BD[3,4] in 
different protonation states, the Ru-OH and Ru-OH2 bands are not easily detectable. 
Parallel Resonance Raman measurements were also carried out by adding 20 equiv of 
Ce(IV) to BD[3,4] in DNO3 with samples freeze-quenched at the same times as for EPR 
measurements from 2.2-25 s in DNO3.  This set of freeze quench experiment was carried 
out in order to determine any shift in vibration due to formation of RuIV-OD or RuIV-OD2 
as well as prolong life time of BD [4,5] (section 3.4.2.3) . However H/D  shift was again 
not observed in Raman experiments carried out in D2O showing difficulty in identifying 
the Ru-OH and Ru-OH2 bands. In such cases, infrared spectroscopy which is best at 
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detecting asymmetric vibrations of polar groups and has different selection rules could be 
used in the future for detecting such vibrations.  
3.4.2.3. Comparison between Resonance Raman in H2O versus D2O on freeze-
quenched samples 
As discussed above, bands for H/D shifts were not detected in set of Raman 
experiments carried out in DNO3. However few interesting observations were made. As 
has been discussed earlier (Chapter 3.3), the rate of formation of BD[4,5] by Ce(IV) 
oxidation of BD[3,4] in 0.1 M HNO3 as well as further oxidation of BD[4,5] is slower in 
D2O by 2.1-2.5. Parallel Resonance Raman experiments carried out in DNO3 showed that 
in HNO3, the RuV=O band is transient and quickly reacts with water to form the BD[3,4] 
prime intermediate with Raman band at 683 cm-1 at 7 s (Fig. 3.4.3) . Discussion of this 
band will be provided further in section 3.4.2.4. However in DNO3, the 816 cm-1 band 
corresponding to the RuV=O vibration is present through 25 s and the 683 cm-1 





Fig. 3.4.3: Resonance Raman spectra (excitation at 532 nm, recorded at 100 K)(A) 
reaction mixture of BD [3,4] (0.25 mM solutions in 0.1 M HNO3) with excess (20 eq) of 




Fig. 3.4.4 Resonance Raman spectra (excitation at 532 nm, recorded at 100 K) of the 
reaction mixture of BD [3,4] (1 mM solutions in 0.1 M HNO3) with excess (20 eq) of 
Ce(IV) manually mixed and quickly frozen (A) regular and (B)H218O enriched water. 
Sample contain mixture of [4,5] and [3,4]-peroxo species. (C) Difference spectra 





Fig.3.4.5 Resonance Raman spectra (excitation at 532 nm, recorded at 100 K) of reaction 
mixture of BD [3,4] (0.25 mM solutions in 0.1 M DNO3) with excess (20 eq) of Ce(IV) 




3.4.2.4. Resonance Raman of BD[3,4]-Prime 
 As emphasized in Chapter 3.1, the exact molecular structure of BD[3,4]-prime 
intermediate remains unknown. Resonance Raman of BD[3,4]-prime intermediate was 
carried out in order to analyze the possibility that the [3,4]’intermediate contains a peroxo 
ligand. Measurements were done on frozen solutions of the BD[3,4] ‘intermediate at 100 
K. Spectra of [3,4]-prime intermediate prepared in regular and in 18O-enriched water 
demonstrated a prominent shift of the band at 683 cm-1 to 647-640 cm-1 band. This 46 
cm-1 shift upon isotopic substitution was quite surprising. Such large shift has been 
previously reported by Hurst and coworkers analyzing this intermediate[74]. However, at 
that time, changes in the Raman spectra were attributed to association between the 
proposed BD[5,5] and Ce ions and explanation of the large isotopic shift of the 683 cm-1 
band was not given [74]. Different possible structures for the BD[3,4]-prime intermediate 
are proposed (Fig. 3.4.6).  
 
Fig.3.4.6 Possible structures for the oxygen-evolving intermediate BD[3,4]-prime 
The first structure (A) is eliminated as the observed 683 cm-1 band cannot be 
assigned to an O-O vibration as explained below. For a diatomic molecule, the classic 











Where K is the force constant in dynes/com, m1 and m2 are the masses in grams and ʋ 











For a diatomic molecule with an O-O stretch the ratio of reduced mass for (16O-
16O)/(18O-18O) is around the same as that for (683/646) and around 0.9. However if such 
an O-O stretch were present, BD[3,4]prime prepared in 50 % H216O and 50 % H218O 
would given a Raman peak around halfway and twice as strong between the 646 and 683 
cm-1 bands. In addition, O-O vibration is typically expected to be in the 800-850 cm-1 for 
peroxides.[79] Structure 1 is thus eliminated as the isotope experiment in 50 % H216O and 
50 % H218O did not reveal the 1:2:1 intensity pattern expected for an O-O fragment. This 
however still does not rule out the possibility that the detected vibration is a Ru-O 
vibration in the Ru-OOH peroxide fragment. 
 In addition as explained in Chapter 3.2, although the spectrum of BD[4,5]-17O is 
significantly affected by large 17O splitting, the spectra of BD[3,4]-prime and BD[3,4]-
17O-prime intermediates are similar, and no line broadening can be noted. The low spin 
density on the oxygen validated by EPR experiment in H217O eliminates structure 2 
which has a superoxide fragment. The structure of the BD[3,4]-prime intermediate is 
likely a peroxide intermediate  (structures C or D) with an end-on Ru-OOH coordination  
(Fig. 3.4.7).Hurst and associates [99]recently also show by labeling the oxygen atom in 
[3,4]’ with H218O and reacting it with different types of H2O that labeled 18O atom 
remains attached to Ru. His experiment provides additional evidence for the presence of a 
Ru-OOH fragment.  
 
Fig. 3.4.7 Resonance Raman spectra (excitation at 532 nm, recorded at 100 K) of BD 
[3,4]-prime intermediate (1 mM solutions in 0.1 M HNO3) in H216O enriched water 
,H218O enriched water and mixture of 50 % H216O enriched water  and 50 % H218O 
enriched water . 
 
 94 
3.4.3. Stability of the BD[3,4] prime intermediate and electron transfer management 
in blue dimer catalytic water splitting 
Using combinations of techniques we have shown that the BD[4,5], which is the 
highly oxidized blue dimer species responsible for O-O formation does not accumulate in 
reaction mixtures under catalytic conditions. Rate of formation as well as further 
oxidation of BD[4,5] are slower in D2O by a factor of 2.1-2.5. However BD[3,4]-prime 
intermediate which is the oxygen evolving intermediate builds up in the reaction mixture 
on a minute time scale and is detectable as steady state intermediate.  
In this section, the stability of the BD[3,4]-prime intermediate is investigated through 
Raman spectroscopy. Reaction mixtures containing the intermediate is melted to room 
temperature to allow the reaction to proceed further and then refrozen at different time 
intervals for Raman analysis. As shown in Fig. 3.4.8, BD[3,4] prime intermediate with a 
small percentage of BD[4,5] is initially formed. After around 4 min, the band at 688 cm-1 
is most prominent indicating maximum presence of BD[3,4]-prime intermediate. The 
main band at 688 cm-1 shifts completely to 670 cm-1 indicating complete conversion to 
blue dimer [3,4] within around 16 min. After around 10 min, the main band at 688 cm-1 
shifts to 677 cm-1 indicating a small presence of BD[3,4] starting to form. In addition, the 
main spectral feature at 410 cm-1 corresponding to the BD[3,4]-prime intermediate shifts 
to 400 cm-1 to correspond to that of BD[3,4]. 
 
Fig. 3.4.8: Resonance Raman with excitation of 532 nm of the blue dimer [3,4]-prime 
intermediate melted to give BD[3,4] and complete its catalytic cycle.  
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Series of Raman measurements carried out while melting BD[3,4]-prime is in good 
agreement with EPR measurements carried out to determine the stability of this 
intermediate (Fig. 3.19 A, Chapter 3.1 ) 
Recently, results published by Hurst and coworkers[77] showed that BD[3,4] prime 
intermediate is an “anormalous” intermediate which accumulates only in the presence of 
ammonium cerium(IV) nitrate and HNO3 acid. However this section confirms that this 
intermediate is actually a peroxo intermediate and that addition of redox active reageants 
such as tris (bipyridine) ruthenium(II) chloride can greatly facilitate the oxidation of the 
peroxo intermediate. Further EPR and oxygen evolution results will be shown to this 
effect in Chapter 3.5. This section summarizes the Raman results that shows that the 
catalytic rate for the oxidation of the peroxide intermediate BD[3,4]prime can be greatly 
enhanced by using kinetically facile electron-transfer mediators. These results are in 
agreement with the increase in the rate of oxygen evolution when 1 equivalent of 
[Ru(bpy3)]3+ is first added to the blue dimer following by addition of excessive oxidant 
Ce(IV).  
Fig.  3.4.9 shows the comparison between the Raman spectra of control spectra 
BD[3,4], BD[3,4] prime and BD[3,3] with addition of one equivalent [Ru(bpy)3]3+ prior 
to 1 turnover and addition of 4 equivalents of Ce(IV) as well as BD[3,4]-prime with 1 
equivalent addition of [Ru(bpy)3]3+ . Further EPR analysis shown in Chapter 3.5  shows 
that cyan and magenta spectra (Fig. 3.4.9) with initial addition of Ru3+ has a mixture of 
BD[3,4] and a new species with 680 cm-1 band indicating faster oxidation of the peroxo 
intermediate. In addition, small Raman peaks at around 792 cm-1 and 801 cm-1 are 
observed hinting a small percentage of the so called proposed [5,5] intermediate by Hurst 
and co-workers. This intermediate will be showed in Chapter 3.5 to be a different form of 
the BD[4,5] intermediate. Additional  Raman experiments carried out with BD[3,3] with 
0.1 equivalent versus 1 equivalent Ru3+ before addition of excess (20 eq.) Ce(IV) reveals 
a significant difference in the intensity of the main band at 688 cm-1. Raman of BD[3,3] 
with excess (20 eq.) Ce(IV) shows a strong band at 688 cm-1 with a small band at 803 cm-
1 indicating  small presence of “proposed Hurst” BD[4,5] intermediate. Interestingly 
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BD[3,3] with initial addition of 0.1 eq. Ru3+ and 20 eq. Ce(IV) shows a band with similar 
intensity. However if 10 times (1 equivalent) Ru3+ is first added, the band at 688 cm-1 




Fig.3.4.9 A. Resonance Raman with excitation at 532 nm of BD[3,4], BD[3,4]-prime and 
change in Raman when 1 eq Ru3+ is added to BD[3,3] initially or to BD[3,4] prime. B. 
Resonance Raman of BD[3,4], BD[3,4] prime and BD[3,3] with excess Ce(IV) in 




In summary, there are several reaction pathways involving single electron transfer. A 
reaction pathway with OH•  as an initial intermediate is for instance slow and requires 
powerful oxidizing agents due to its higher oxidation potential. For instance, the energetic 
requirements for water decomposition into H2 and O2 are shown in the redox half 
reactions below. A reaction pathway with •OH as an initial intermediate requires an 
electrochemical potential of 2.31 V whereas that avoiding the •OH radical only needs 
1.35 V. With the addition of kinetically facile electron-transfer mediators such as Ru3+ 
from redox mediator [Ru(bpy)3]3+, the accumulation of the [3,4]-prime intermediate can 
be avoided. For instance oxygen evolution measurements described in Chapter 3.5 shows 
increase in the initial rate of oxygen evolution by a factor of 2.47. In addition EPR results 
indicate rapid oxidation of the peroxo intermediate. Raman measurements carried out in 
this section helps to prove that this intermediate is indeed a peroxo intermediate with 
increased rate of the oxygen evolution potential in the presence of a kinetically facile 
mediator Ru3+. It also shows that a large amount of attention ought to be paid to the 
control of kinetics of electron transfer events that result in activated highly oxidized 
species as well in the oxidation of the resulting stabilized peroxide [3,4] prime 
intermediate.  
3.4.4. Resonance Raman on freeze-quenched samples in 50 % H216O and H218O 
Resonance Raman was carried out on samples freeze -quenched in 50 % H216O and 
H218O in order to identify all relevant bands for blue dimer intermediates and their 
corresponding shifts.  Such types of experiments also enabled identification of any short-
lived species prior to the formation of the BD[3,4]-prime peroxide intermediate. Due to 
the prohibitive cost of H218O and large volume of material required to prepared freeze-




Fig. 3.4.10 Resonance Raman measurements of 0.25 mM BD[3,4] with 20 eq. Ce(IV) in 
HNO3, pH 1 freeze quenched at 7 s and prepared by hand within 30 s in 100 % H216O and 
mixture of 50 % H216O and H218O 
Freeze-quenched samples prepared at 7 s revealed main Ru-O-Ru spectral features at 
373 cm-1 and 397 cm-1 corresponding to a mixture of BD[4,5] and BD[3,4]-prime 
intermediate as well as a main band at 816 cm-1 corresponding to the RuV=O 
intermediate. Sample freeze-quenched at 7 s in 50 % H216O and H218O showed 2 bands at 
780 cm-1 and 816 cm-1 indicating shift of the RuV=O band by 36 cm-1 in H218O. At the 
same time, four main bands at 633 cm-1, 655 cm-1, 674 cm-1 and 685 cm-1 are observed. It 
is very likely the 633 cm-1 and 655 cm-1 Raman bands represent one vibrational mode for 
a short-lived species prior to the formation of the BD[3,4]-prime intermediate. The 685-
688 cm-1 band on the other hand corresponds to BD[3,4] intermediate. This intermediate 
is present in a smaller percentage at 7 s, but is however more dominant at 30 s. For 
instance, freeze quenched sample at 30 s in mixture of H216O and H218O shows 
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disappearance of the shorter lived RuV=O fragment. However, a broader band with 2 
main large bands at 646 cm-1 and 688 cm-1 are observed in the mixture of H216O and 
H218O. Scrambled experiment also shows 2 smaller bands at 662 cm-1 and 675 cm-1 
respectively. It is possible that a very short-lived intermediate with 2 Raman bands at 685 
cm-1 and 655 cm-1 is initially formed which demonstrate a shift to 674 cm-1 and 633 cm-1 
in H218O respectively. However BD[3,4]-prime intermediate is quickly formed showing a  
main band at 688 cm-1. A table of all intermediates as well as their isotopic shift is 
summarized in table 3.4.1. These results are based on experimental conclusions from 
figures 3.4.1-3.4.5, 3.4.7-3.4.10 
Table 3.4.1 Summary of the main spectral feature Raman band and other interesting 









Raman band in 
H218O and 
corresponding Shift 







None No shift 
BD[4,5] 
(Fig.s 3.4.3 – 3.4.5) 
Cryogenic temp: 
370 cm-1, 390 cm-1 
816 cm-1 780 cm-1, Shift of 36 
cm-1 
Short Lived Species 








633 cm-1, 17-22 cm-1 
 
670 cm-1, 15 cm-1 
BD[3,4]-prime  





688 cm-1 646 cm-1, 42 cm-1 
 
3.4.6. Conclusion 
This chapter shows summarizes the Resonance Raman results of all blue dimer 
intermediates and discusses the possible structures of BD[3,4]-prime intermediate based 
on Raman experiments as well as EPR experiments in H217O discussed in Chapter 3.2. 
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The stability of the BD[3,4] intermediate is investigated and the control of kinetics in the 
blue dimer catalytic cycle with the advent of kinetically facile mediators such as Ru3+ 
from photosensitizer [Ru(bpy)3]3+ is observed. Lastly, the possibility of a shorter lived 
intermediate prior to the formation of the BD[3,4]-prime intermediate is suggested based 
on Raman experiments carried out in 50 % H216O and H218O. Resonance Raman carried 
out on 50 % H216O and H218O showed presence of an interesting band at 635 cm-1 which 
might be a precursor to the BD[3,4]-prime intermediate.  
In synopsis, while the resonance Raman spectra of blue dimer intermediates BD[3,4] 
and BD[4,5] are well-established in this chapter, the exact molecular structure of 
BD[3,4]-prime intermediate is still debated. However through Raman measurements, 
some possible structures have been eliminated and others remain to be investigated. The 
properties of this intermediate will be analyzed in the future by DFT computation of 
















3.5: Structure and Electronic Configuration of Proposed BD[5,5] Intermediate in 
Blue Dimer Catalytic Cycle and Control of Rate Limiting Steps in Catalytic 
Water Oxidation 
3.5.1 Introduction 
Fig. 3.1.1 showed the schematic of the blue dimer catalytic cycle as well as results 
summarized on its mechanism over the past 30 years. In this scheme, all catalysts were 
produced chemically in 0.1 mol HNO3. So far, identified intermediates have been stable 
intermediates BD[3,3], BD[3,4] as well as reactive transient intermediates BD[4,5] and 
BD[3,4]-prime. Although we were able to experimentally verify that the species reactive 
towards O-O bond formation is BD[4,5], there has been a large amount of literature 
including DFT studies based on the assumption that the species reactive towards water is 
BD[5,5] instead of BD[4,5]. The BD[5,5] intermediate is included in the blue dimer 
catalytic cycle’s schematic (Fig. 3.1.1, chapter 1) based on a previous literature reports. 
[74] Recently, Stull and associates[99] confirm that the EPR signal previously assigned 
to BD[5,5] is wrong. BD[5,5]  has two interacting Ru d3 centers and thus is not 
compatible with the spin ½ electronic configuration observed in X-Band EPR 
measurements. Stull and coworkers predict that the species previously denoted as 
BD[5,5] is likely to be a molecule with a RuV-O-RuIV core (another form of BD[4,5] or 
an intermediate with Ru-O
. oxyl radical moiety couples to a RuIV species. They speculate 
that the g ≈  2 signal most likely arises from a RuIV-O-RuV species with electronic 
structure represented as (OH)RuIV-O-RuIV(O
.
) Basis of such radicaloid species rely upon 
DFT calculations carried out by Yang and Baik to describe electron distribution in 
BD[5,5][56, 99]. This chapter shows experimental results that confirms that BD[5,5] with 
its characteristic g = 2.02 axial EPR signal is actually another form of BD[4,5] denoted 
here as BD[4,5]-prime. The exact molecular structure of BD[4,5]-prime is not known. 
However the assignment of its electronic state is based on XANES and EXAFS analysis. 
This intermediate was prepared in two different ways by addition of hexaaquacobalt(III), 
and by addition of excess Ce(IV) and freeze-quench trapping at pH 0 in DNO3 with 
similar EPR, XANES and EXAFS results obtained. We report that proposed BD[5,5] 
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reported by Hurst[77] is actually a different form of BD[4,5] as confirmed through 
XANES and EXAFS analysis at Ru K-edge .Throughout this chapter, we will refer to 
proposed BD[5,5] from Hurst as BD[4,5]-prime. 
3.5.2. Methods of preparation of BD[4,5]-prime 
 Ru K-edge XANES as well as EPR analysis were carried out on BD[4,5]-prime. 
As mentioned in section 3.5.1., this intermediate was prepared by addition of 
hexaaquacobalt(III) as well as by freeze-quench trapping by adding excess Ce(IV) in 
DNO3 at pH 0. EPR signal of BD[4,5]-prime prepared via both samples’ preparations 
was similar to that observed by Hurst and associates[77]. Intriguingly, proposed BD[4,5]-
prime intermediate was only shown to accumulate in absence of HNO3 acid and Ce(IV). 
However we hereby report that this intermediate can be present with addition of excess 
Ce(IV) in DNO3 at pH 0 in a mixture with BD[3,4]-prime intermediate. Methods of 
sample preparation of BD[4,5]-prime are shown in section 3.5.2.1 
3.5.2.1. Addition of hexaaquacobalt(III) 
 According to Stull et al[77], BD[4,5]-prime can be generated by addition of 
around 10-fold excess of ceric triflate in 0.1 M triflic acid in mixtures with BD[3,4]. 
Alternatively, it can be generated without any presence of mixtures by addition of excess 
(10 eq.) hexa aqua cobalt(III) in 0.1/1 mol triflic acid/HNO3 acid. Reageant solutions of 
Co(III) were thus prepared from the [Co(NH3)6][Co(CO3)]3 double salt as described by 
Wangila and Jordan[100]. This salt when treated at 0 ˚C with aqueous solutions of 
HCLO4, HNO3 or CF3SO3H gives CO2 (g), an insoluble salt of Co(NH3)63+ and aqueous 
Co(OH2)63+ . In this case, triflic acid (CF3SO3H) (Alfa Aesar) was used and purified by 
electrolysis and stored refrigerated as 1.68 M aqueous solutions. The concentration of the 
hexaaquacobalt(III) solution was determined from UV-Vis absorbance measurements. As 
shown in Fig. 3.5.1, the main bands in solution are 403 and 605 nm with extinction 
coefficients ε = 40.0 ± 0.5 and 35.0 ± 0.4 M-1 cm-1 respectively. The hexa aqua salt 





Fig. 3.5.1 UV-Vis absorbance kinetics of the hexaaqua cobalt(III) solution prepared from 
the [Co(NH3)6][Co(CO3)]3 double salt 
   Hence a characteristic EPR signal with g = 2.02 as described by Stull et al[77] 
was obtained when excess Co(III) (10 eq.) is added to BD[3,4] . This signal was also 
obtained at pH 0 when excess Ce(IV) to added to BD[3,4] in 0.1 M DNO3 and freeze-
quenched within 2-4 s (Fig. 3.5.2). Deuterated nitric acid as opposed to normal nitric acid 
was used to slow down the catalytic cycle. The isotopic effect on the blue dimer catalytic 
cycle is explained in Chapter 3.3. 
3.5.2.2. Addition of excess Ce(IV) in DNO3 
BD[4,5]-prime in mixtures with BD[3,4]-prime was also found to be formed when 
excess Ce(IV) is added to BD[3,4] and the resulting mixture is freeze-quenched within 2-
4 s. From UV-Vis absorbance measurements (insert) at 480 nm, the rate of formation of 
BD[3,4]-prime is slow and seems to predominate at around 89 s only. However during 
short time periods around 2-4 s, we observe a mixture of BD[4,5]-prime and BD[3,4]-
prime, Around 30 s, a small shift in the g-factor of BD[3,4]-prime is observed indicating 
a slight conversion of this intermediate to BD[3,4]. EPR quantification of BD[4,5]-prime 
intermediate in mixtures with BD[3,4]-prime is shown in Table 3.5.1. Around 60 % of 




Fig. 3.5.2 A. EPR Spectra of the BD[4,5] obtained with freeze quench (0.5 mM in 1 mol 
DNO3) at 2 sec, 4 sec and 30 sec freezing time, Insert: Stopped flow UV-Vis absorbance 
of BD[3,4] with excess eq. Ce(IV) at 483 nm.  
Table 3.5.1 EPR Quantification of BD[4,5]-prime in EPR mixture of BD[4,5]-prime and 
BD[3,4]’ formed by adding excess Ce(IV) to BD[3,4] in 1 mol DNO3 (pH 0) based on 
EPR quantification of spectra in Fig. 3.5.2 
Time (s) Total EPR 
Intensity 








2 s 8.64 x 1011 5.23 x 1011 3.413 x 1011 60.5 
4 s 1.75 x 1012 1.00 x 1012 7.50 x 1011 57.1 
 
3.5.3. EPR Quantification of BD[4,5]-prime  
The percentage of BD[4,5]-prime active species prepared via freeze-quench 
technique at pH 0 and by addition of hexaaquacobalt(III) is summarized in table 3.5.1. As 
seen in Fig. 3.5.3.A, BD[4,5]-prime has a characteristic distinct axial EPR signal similar 
to that observed by Hurst and associates electrochemically[42, 74], and by addition of 
Cerium(IV) trifluoromethanesulfonate.[77] In order to understand its electronic 
configuration and structure, 40 % of BD[3,4]-prime and BD[3,4] were deconvoluted from 
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BD[4,5]-prime prepared by freeze-quench trapping and by addition of 
hexaaquacobalt(III) respectively.  
 
Table 3.5.2 EPR quantification of BD[4,5]-prime active species for both methods of 




















DNO3 at 2 s, 
(0.5 mM, pH 
0) 
8.64 x 1011 5.23 x 1011 3.413 x 1011  60.5 
With addition 
of hexa aqua 
cobalt(III) in 1 
M triflic acid  
(0.5 mM, pH 
0) 





Fig. 3.5.3 Comparison of X-Band EPR of BD[4,5] prepared at pH 1 as described in 
Chapter 3.1 with BD[4,5]-prime prepared at pH 0  in DNO3 with excess 
hexaaquacobalt(III) at pH 0 in CF3SO3H  
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3.5.4. XANES and EXAFS of deconvoluted BD[4,5]-prime 
BD[4,5] and BD[4,5]-prime had the same Ru K-edge shift  (Fig. 3.5.4) consisted 
with assignment of Ru oxidation states as Ru(IV) and Ru(V). The pre-edge of the 
oxidized intermediates BD[4,5]-prime is also higher than in [3,4] but not as high as in the 
Ru(V) reference compound which displays a stronger pre-edge. The assignment of the 
[4,5] oxidation state is thus plausible and is in agreement with the interpretation of the S 
= ½ EPR signal. 
 
Fig. 3.5.4 Comparison of XANES of BD[4,5] prepared at pH 1 as described in Chapter 
3.1 with BD[4,5]-prime prepared at pH 0  in DNO3 with excess  Ce(IV) and with 
hexaaquacobalt(III) at pH 0 in CF3SO3H  
 Analysis of the Ru-O-Ru angle was done as described earlier in 3.1.5.2 and in 
[61]. Similarly to BD[4,5], the experimental data were fitted for the range of Ru-O-Ru 
angles from 150˚ to 180˚ with 1˚ steps (Fig. 3.5.5). A multiple scattering model that 
resulted in a Ru-O-Ru coordination number equal to 1 was determined to have correct 
Ru-O-Ru angle. As confirmed from previous literature[82], R-factors are rather 
insensitive to the Ru-O-Ru coordination angle ϴ, but N’s show large dispersion with ϴ. 
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The angle at which the coordination parameter N was equal to 1 was determined in each 
case. Obtained angles for BD[4,5]-prime prepared by hexaaquacobalt(IIII) or by freeze-
quench technique in DNO3 were equal to 168 ± 2˚ and 169±2˚ and were very close to the 
Ru-O-Ru coordination angle of 166±2˚ for BD[4,5], pH 1. Based on combined EPR, 
resonance Raman and EXAFS results, we argued earlier that BD[4,5], pH 1 with rhombic 
EPR signal (shown in black in Fig. 3.5.3) comes from RuV=O and RuIV-OH protonation 
configuration[75]. 
EXAFS fits of BD[4,5]-prime (Fig. 3.5.6, Fig B.1, B.2) show consistent 
improvement in the overall fit quality upon addition of a RuV=O short bond. Detailed fits 
are showed in Table B.1. Due to the high acidity required to generate this intermediate, 
BD[4,5]-prime most likely corresponds to the RuV=O, RuIV-H2O protonation state. . In 
BD [3,4] pKa of the RuIV-H2O first dissociation step was reported to be 0.4[101]. Thus, 
RuIV-H2O fragment from presence in BD [4,5] intermediate could be formed in strongly 
acidic media. It is rather difficult to distinguish the RuIV-H2O bond of around 2.15 Å due 
to the limit in the bond distance resolution of 0.154 Å determined by the bond distance 
resolution equation described in Chapter 3.1, where Δr = π/2Δk. In this case, the k space 
range window is from 4 to 14.2 Å. 
However addition of a N = 0.5 parameter for RuV=O improves the overall quality of 
fit for BD[4,5] freeze-quenched at pH 0 in DNO3 as shown by the improvement in the 
reduced chi square value from fit 6 to fit 7 in Table B.2. A short RuV=O distance of 
around 1.74 Å is obtained. BD[4,5] freeze –quenched at pH 0 in DNO3  on the other hand 
shows a RuV=O distance of 1.82 Å (Fit 7 in Table B.3). The bond distance range of 1.74 -




Fig. 3.5.5 Result of the Ru-O-Ru angle determination for blue dimer [4,5], pH 1 and 
BD[4,5]-prime prepared in DNO3 and with hexaaquacobalt(III) 
 
Fig. 3.5.6 Fourier transforms of k3-weighted Ru EXAFS and corresponding fits 7 in 
(Tables B.1, B.2, B.3 shown in Appendix) of BD[4,5] pH 1 and BD[4,5]-prime prepared 
in DNO3 and with hexaaquacobalt(III). 
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In summary, the species previously termed as BD[5,5] has been re-assigned to be 
BD[4,5]-prime. This reassignment explains the S = ½ EPR signal and the presence of two 
Ru centers with RuV and RuIV with different spin densities. The difference in the shape of 
the two EPR signal could be due to a modified ligand environment and protonation of the 
RuIV-OH bond as EXAFS of BD[4,5]-prime prepared with hexaaquacobalt (III) or by 
freeze quenched techniques both demonstrate a short RuV=O bond around 1.74- 1.82 Å. 
A summary comparing the EPR, Raman and EXAFS fits of BD[4,5] and BD[4,5]-prime 
is shown in Table 3.5.3. 
Table 3.5.3: Comparison of EPR, Raman and XAFS of BD[4,5] freeze-quenched at pH 1 
versus BD[4,5]-prime freeze-quenched at 2 s with excess Ce(IV) in DNO3 at pH 0 and 
with addition of hexaaquacobalt(III) 
 BD[4,5], pH 1 BD[4,5]-prime prepared in 
DNO3 and hexaaquacobalt(III) 
EPR, g parameters and 
hyperfine splitting 
(Gauss) 
gxx = 2.033 (25 G), gyy = 1.98 
(30 G), gzz = 1.87 (50 G), 
Ayy=  40 G, Azz = 25 G 
(Based on fits) 
gxx = 2.026, gyy = 2.014, gzz = 1.90 
(Based on EPR comparison)  
Raman(Main spectral 
and Ru=O features in 
wavenumber(cm-1) 
Ru-O-Ru: 371, 386 cm-1, 
Ru(V)=O : 815 cm-1 
Strong Bands present at 650 
and 666 cm-1  
Ru-O-Ru:  394 cm-1 





Ru-N: 4.5  x 2.09 
Ru-O: 1 x 1.87 
Ru-O: 0.5 x 1.71 
Ru-O-Ru: 166 ± 2˚ 
Ru-Ru: 1 x 3.71 
Ru-C: 8 x 3.01 
Prepared with DNO3 at pH 0 
Ru-N: 4.5 x 2.09 
Ru-O: 1 x 1.86 
Ru-O: 0.5 x 1.74 
Ru-O-Ru: 168 ± 2˚ 
Ru-Ru:  1 x 3.70 
Ru-C: 8 x 3.04 
 
Prepared with hexaaquacobalt(III) 
Ru-N: 4.5 x 2.07 
Ru-O: 1 x 1.87 
Ru-O: 0.5 x 1.82 
Ru-O-Ru: 169 ± 2˚ 
Ru-Ru: 1 x 3.72 




3.5.5. Control of rate limiting steps in Catalytic Water oxidation 
In this section, we show that addition of redox active molecules such as Ru3+ from 
photosensitizer [Ru(bpy)3]3+ can facilitate oxidation of the peroxo intermediate as 
detected by the disappearance of its characteristic EPR signal and increase in the rate of 
oxygen evolution. This confirms that Hurst and coworkers[77] had wrongly assigned this 
to only “anormalously” accumulate in the presence of ammonium cerium(IV) nitrate and 
nitric acid. This section thus shows that a large amount of attention ought to be paid to 
the control of the kinetics of electron transfer events that can result in highly oxidized 
species such as BD[4,5] prime and oxidize the resulting stabilized peroxide BD[3,4]-
prime intermediate. For instance EPR results (Fig. 3.5.7 and Fig. 3.5.8) confirmed by 
Raman results (Chapter 3.4) show accumulation of a very small percentage of BD[4,5]-
prime with g-factor around 2.02 and rapid decay of the peroxo intermediate BD[3,4]-
prime.  
Time-resolved oxygen evolution measurements were carried out with an oxygen 
electrode immersed in the reaction mixture. Oxygen evolution of BD[3,3] with excess (20 
eq. Ce(IV) was compared to that of BD[3,3] with 1 eq. Ru3+ followed by excess (20 eq. 
Ce(IV). The profile of O2 evolution from a solution containing 0.1 mM blue dimer 
catalyst compared to that with 1 eq. Ru3+ is shown (Fig. 3.5.7 A). When excess Ce(IV) 
(20 equivalents)  were used to initiate catalysis, oxygen evolution resulted in 0.34 µmol 
of O2 in both solutions with no Ru3+ and with 1 eq. Ru3+ . However the initial rate of O2 
evolution was equal to 6.6 x 10-3 µmol/s and 1.6 x 10-2 µmol/s in solutions with no Ru3+ 
and 1 eq. Ru3+ respectively.  The turnover frequency calculated from the initial rate of 
oxygen evolution was found to be around 2.42 times higher when 1 eq. Ru3+ is initially 
added to BD[3,3].  This indicates the faster kinetics for the formation of the oxygen 
evolution intermediate [3,4]’ when a kinetically facile mediator such a Ru3+ is first added 





Table 3.5.4: Rate of oxygen evolution and total oxygen evolution for 0.1 mM BD with 
excess (20 eq.) Ce(IV) and with 1 eq. Ru 3+ in H2O solution at pH = 1 







BD[3,3] + 20 eq. 
Ce(IV) 
6.6 x 10-3 0.34 0.066/s 
BD[3,3] + 1 eq. Ru3+ 
+ 20 eq. Ce(IV) 
1.6 x 10-2 0.34 0.16/s 
*was calculated using initial rate of oxygen evolution 
EPR analysis was also carried out on BD[3,3] with prior addition of 0.1eq. and 1 eq. 
Ru3+. As shown from Fig. 3.5.7, addition of 0.1 eq. Ru3+ to BD[3,3] followed by excess 
Ce(IV) results in an EPR signal corresponding to BD[3,4]-prime. However if 1 eq. Ru3+ 
is first added to the BD[3,3] solution followed by excess oxidant, its EPR intensity is 
considerably decreased with g-value around 1.88 indicating presence of a mixture of 




Fig.3.5.7 A. Kinetics of O2 evolution recorded with oxygen electrode immersed into the 
solution of blue dimer [3,3] (0.1 mM in 0.1 M HNO3) and solution of blue dimer [3,3] 
with 1 eq. Ru3+ from [Ru(bpy)3]3+ after addition of 20 equiv of Ce(IV) B. X-Band EPR 
spectra (20 K) of 1 mM blue dimer [3,3]with Ru3+ addition with excess Ce(IV) in 
comparison with BD[3,4] and BD[3,4]-prime 
 Further EPR results was also carried out by comparing BD[3,4], BD[3,4]prime, 
BD[3,3] with 1 eq. Ru3+ followed by addition of Ce(IV) as well as BD[3,4]-prime 
followed by Ce(IV) addition. As shown from Fig. 3.5.8, if 1 eq Ru3+ is initially added to 
BD[3,3] prior to addition of oxidant, the formation of the peroxide BD[3,4]-prime 
intermediate happens on a faster kinetic scale. Cyan curve in Fig. 3.5.8 with g-value 1.86 
indicates presence of a mixture of BD[3,4] and another species possibly an EPR silent 
intermediate. In addition, magenta curve with decreased EPR intensity shows that the 
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percentage of BD[3,4] is considerably decreased confirming the presence of possibly 
BD[4,4].  
 
Fig.3.5.8 X-Band EPR at 20 K of BD[3,4], BD[3,4] prime, BD[3,4]-prime with 1eq. Ru3+ 
and BD[3,3]  with 1 eq. Ru3+ and 3 eq. Ce(IV) (1 mM in 0.1 mol HNO3)  
3.5.6. Conclusion 
In summary, management of electron transfer and charge recombination events are 
extremely important in artificial photosynthesis. So far, little attention has been given to 
the understanding or optimization of electron transfer processes in homogeneous water 
splitting catalysts as it has been generally accepted that the rate limiting step is the O-O 
bond formation step instead of electron transfer oxidation steps. In this section, we saw 
that Ru3+ from photosensitizer [Ru(bpy)3]3+ can work by redox shuttle mechanism and 
speed up multiple oxidation steps. For instance, in this chapter, we saw that redox 
mediator such as Ru3+ can largely shorten the lifetime of BD[3,4]-prime intermediate 
with significant enhancement in the oxygen evolution rate. In addition, management of 
the rate of electron transfer by addition of kinetically facile mediator such as Ru3+ is very 
important for catalytic water splitting as such implementations can significantly change 
the rate limiting step of the reaction and the overall reaction’s kinetics considerably. For 
instance, previously undetected intermediate BD[4,4] might be pre-dominant under 
 
 114 
addition of Ru3+ as shown from EPR results. Such assignments can be confirmed in the 
future by parallel EXAFS analysis on deconvoluted blue dimer samples from the Ru3+ 
photosensitizer. In addition, as explained before, previously termed “BD [5,5]”  was  re-
assigned to be BD [4,5]. Such reassignment explains S=1/2 EPR signal and presence of 
two Ru centers (RuV and RuIV) with different spin densities. The difference in the shape 
of two EPR signals shown in Fig. 3.5.3 is likely due to a modified ligand environment, 


















4. SPECTROSCOPIC CHARACTERIZATION OF THE RUIII-OOH AND 
RUIV INTERMEDIATE: PRODUCT OF THE O-O BOND 
FORMATION IN RU SINGLE-SITE CATALYST OF WATER 
OXIDATION 
4.1 Introduction 
 As explained in Chapter 1, in natural photosynthesis and many schemes in 
artificial photosynthesis, water oxidation (2 H2O →O2+ 4 e-+4H+ is a very important 
step. [38] In Chapter 3, section 1-5, we provided a detailed mechanism of water oxidation 
by the blue Ru dimer, in HNO3 under catalytic conditions with Ce(IV). It was thought for 
a long time that dimeric or higher order structures are required to achieve catalytic water 
oxidation.[38] However recently, single-site Ru and Ir catalysts presented by Bernhard,et 
al[37] and by Thummel et al[32],  respectively have also been shown to be active in water 
oxidation [38, 102]. These single-site catalysts are attractive model compounds for both 
experimental and theoretical studies of mechanism of water oxidation and show 
improved catalytic activity compared to “blue dimer”. Unfortunately, none of the 
proposed intermediates in single-site catalysts have been properly isolated, and 
spectroscopically characterized which hinders our understanding of the reaction process. 
[103] The question as to how water molecules interact with Ru catalysts in monomeric 
Ru complexes still remains unclear [103].In addition, reaction intermediates generated in 
this catalyst are generally difficult to isolate due to their instability and high reactivity. In 
this chapter, we combined several techniques including stopped-flow UV-Vis 
spectroscopy to quench and study reactive intermediates along the catalytic cycle. We 
hope that a better understanding of water oxidation mechanism in these complexes and 
identification of the rate-limiting steps could pave the way to light-driven generation of 
molecular hydrogen by water splitting by a family of more robust catalysts. In addition, 
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mechanistic insights obtained on the catalytic mechanism of single-site and more robust 
catalysts could help uncover the secrets of the OEC in photosystem II. [103] 
In this chapter, we report stopped-flow UV-Vis spectroscopy, EPR, XAS and 
Resonance Raman characterization of the electronic structure and molecular geometry of 
a suspected peroxo intermediate and RuIV=O intermediate in single-site water-oxidizing 
complex [RuII(L)(4-pic)2(OH2)]2+ (1) (L = 4-t-butyl-2,6-di(1',8'-naphthyrid-2'-yl)pyridine, 
pic = 4-picoline). Formation of metal bound peroxides as the result of O-O coupling has 
been implicated in the mechanism of catalytic water oxidation by Photosystem II oxygen 
evolving complex (OEC)[15, 104] and in Ru-based catalysts[38, 105]. However, such 
intermediates were never isolated and their structural and electronic characterization has 
not been reported. This chapter also summarizes through combined EPR, XAS and 
Resonance Raman analysis how this intermediate might be a direct product of the O-O 
bond formation step in the studied catalyst.  
4.2. Schematic of the Catalytic Cycle of Single Site Water-Oxidizing Complex  
 
Fig. 4.1 A. Structure of the single-site water-oxidizing catalyst [RuII(L)(4-pic)2(OH2)]2+ 
(L = 4-t-butyl-2,6-di(1',8'-naphthyrid-2'-yl)pyridine, pic = 4-picoline). B. Catalytic cycle 




 We created an analogy of the Kok cycle (1), (Fig. 4.1) in order to identify all the 
reactive intermediates in the schematic of the catalytic cycle for this monomeric Ru 
complex . While the Kok cycle is driven by light, the single-site water-oxidizing complex 
in this case shown in Fig. 4.1 is driven by Ce(IV). Oxidative equivalents were supplied 
by adding stoichiometric amounts of a CeIV solution prepared with (NH4)Ce(NO3)6 in 
HNO3 at pH = 1. Contrary to observation of the Kok cycle in PS II, where all catalytic 
centers are well isolated, analysis of Ru complexes is complicated by the reactivity of Ru 
intermediates with each other which results in complicated reaction pathways and 
mixtures of intermediates. Experiments were done with diluted (5 x 10-4 M and 2.5 x 10-4 
M) solutions to minimize contribution of reaction pathways involving two molecules of 
Ru catalyst. No differences were observed for two concentrations. As shown from the 
Kok cycle illustrated in Fig. 4.1, different intermediates were captured along the catalytic 
cycle, some of which are verified in this chapter through combined usage of EPR, 
XANES and EXAFS analysis. Some of the detected intermediates are [RuIII(L)(4-
pic)2(OH2)]3+ , [RuIV(L)=O]2+ and [RuIIIL(OOH)]2+ . This chapter provides interesting 
structural details especially about the EPR silent intermediate RuIV=O which reacts with 
water, and the peroxo intermediate [RuIII(L)(OOH)]2+ which is determined in the above 
catalytic cycle to be the oxygen evolving intermediate.  
4.3. UV-Vis and EPR Characterization 
UV-Vis and EPR analysis were carried out on RuII complex [RuII(L)(4-pic)2(OH2)]2+ 
added to stoichiometric equivalents of Ce(IV) and the reaction mixture was frozen within 
30 sec after mixture. As shown from Fig. 4.2 A, the starting RuII solution in 0.1 M HNO3 
has UV-Vis absorption bands at 512 nm and 611 nm. Upon adding excess Ce(IV) and 
analyzing the UV-Vis absorbance through stopped-flow UV-Vis spectroscopy, a band 
around 512.5 nm was observed to grow(Fig. 4.2 B) indicating presence of a new species 
possibly a peroxo intermediate. EPR analysis on titrated RuII with stoichiometric 
equivalents of Ce(IV) also enabled us to see the range of intermediates captured along the 
catalytic cycle of the monomeric catalyst. For instance, addition of 1 eq of CeIV at 1 mM 
concentration and freezing within 30 sec after mixing results in [RuIII(L)(4-pic)2(OH2)]3+ 
complex and a small mixture of a peroxo intermediate which grows in intensity upon 
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addition of more equivalents Ce(IV). [RuIII(L)(4-pic)2(OH2)]3+  has EPR signal with g-
tensor gx = 2.73, gy = 2.44 and a faint feature gzz = 1.88(Fig. 4.2 C) which are similar to 
other RuIII complexes with nitrogen or oxygen ligands characterized by EPR[106]. 
Addition of more than 1 eq of Ce(IV) shows formation of a peroxo intermediate 
[RuIII(L)(4-pic)2(OOH)]2+ and [RuIV(L)(4-pic)2=O]2+, last one of which cannot be 
detected by EPR at the condition of our measurements. Electronic structure of 
[RuIV(L)(4-pic)2=O]2+ is still debated. According to undergoing DFT calculations triplet 
(S=1) and singlet (S=0) states are close in energy and more experimental 
characterizations are needed to define the spin state of this intermediate. [107, 108] For 
instance it was demonstrated that stable [(bpy)2(py)RuIV=O]2+ complex is a triplet with 
zero field splitting, D= 79 cm-1 in the solid state and D = 56 cm-1 in solution, which is too 
large to be detected by X-band EPR[107, 108]. 
 Addition of increasing equivalents of Ce(IV) from 2 to excess (20 eq.) of Ce(IV) 
(Fig. 4.2 C) results in formation of a secondary EPR signal which can be simulated with 
S =1/2. This new signal which arises with formation of excess Ce(IV) has g-tensor gx = 




Fig. 4.2 A. UV-Vis absorbance of RuII from [RuII(L)(4-pic)2(OH2)]2+ with successive 
stoichiometric equivalents of Ce(IV) B. Stopped-flow Uv-Vis absorbance of RuIIwith 
excess Ce(IV) monitored over a period of 100 sec. C. X-band EPR spectra (25K) of 0.5 
mM solution of [RuII(L)(4-pic)2(OH2)]2+ in 0.1 M HNO3 (pH=1) frozen within 30 sec 
(black line) after addition of 1, 2 or 3 ,4, 5 and excess (20) eq. of Ce(IV) 
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The dynamics of the EPR signal of the peroxo-intermediate was investigated by 
analysis on freeze-quenched samples formed by adding excess Ce(IV) to starting 
[RuII(L)(4-pic)2(OH2)]2+ solution. Prior to this, the UV-Vis absorbance versus time was 
monitored at 512.5 nm and the reaction mixtures were freeze-quenched at the times 
indicated by arrows (Fig. 4.3 A). Similar to the EPR trend shown in Fig. 4.2C, addition of 
excess Ce(IV) to RuII shows formation of the suspected peroxo intermediate even  at  60 
seconds from initial mixing time. An axial signal with g-factor around 2.01 is also 
observed at around 60 s. This signal subsequently decreases after around 15 min. The 
nature of this sharp axial signal with g = 2.01 is unknown and beyond the scope of this 
chapter (Fig. 4.3 B).One interesting point to note that the rise of the axial signal at g = 
2.01 corresponds to the time at which the Ru peroxo species has the most intense EPR 
signal. 
In order to further assess conditions of the peroxo intermediate formation, samples of 
the [RuII(L)(4-pic)2(OH2)]2+  oxidized with 1,2, and 3 eq. of Ce(IV) were first EPR 
characterized after fast freezing(within 30 sec) and then quickly melted for 1 min (Fig. 
4.4). Such type of quick melting experiments show that the intensity of the [RuIII(L)(4-
pic)2(OH2)]3+ EPR signal does not change on this time scale, however, intensity of  gx = 
2.33, gy = 2.23 and gz = 1.81 signal (tentatively assigned to peroxo species) grows in 
samples made with 2 and 3 eq of CeIV. Sample prepared by addition of 3 eq of CeIV 
demonstrates largest intensity of new EPR signal. Growth of this signal is responsible for 
increase in the percentage of EPR active Ru center. For instance, we assign observed 
increases in the intensity of the new signal and growth of total integrated EPR intensity to 
the conversion of EPR undetectable  [RuIV(L)(4-pic)2=O]2+ into the new peroxo  








Fig. 4.3 A. Stopped-flow UV-Vis kinetics of 0.5 mM [RuII(L)(4-pic)2(OH2)]2+  with 
excess Ce(IV) in 0.1 mol HNO3 at 512.5 nm C. X-band EPR (25K) of 0.5 mM 
[RuII(L)(4-pic)2(OH2)]2+  oxidized with 20 eq of Ce(IV) in 0.1 mol HNO3 and freeze-
quenched at indicated time intervals in A. 
 
This conversion implies addition of water to [RuIV(L)(4-pic)2=O]2+ and one electron 
oxidation. Highly oxidized RuV=O intermediates have been implicated in the mechanism 
of water oxidation with Ru-based catalysts [24, 42]. In our EPR analysis we did not 
observe any signal which could fulfill for well known EPR characteristics of complexes 
containing RuV. The g-tensor centered close to g = 2.0 cannot be a RuV EPR signal as it 
shows lack of presence of hyperfine splitting from the interaction of the unpaired electron 
with the 99Ru and 101Ru nuclei (I = 5/2)[73, 109, 110] and does not show characteristic 
for RuV species g-tensor. The fact that some Ru complexes are stuck in certain oxidation 
states (for instance in [RuIII(L)(4-pic)2(OH2)]3+) and do not advance to more oxidized 
products in spite of sufficient oxidant (CeIV) supply is puzzling. However, as we are 
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looking at highly non-equilibrium system, kinetic effects might play a role. [RuIII(L)(4-
pic)2(OH2)]3+ can also be regenerated in reaction mixture if two [RuIV(L)(4-pic)2=O]2+ 
complexes react with each other in bi-molecular fashion resulting in formation of 
oxidized ([RuIII(L)(4-pic)2(OOH)]2+) and reduced [RuIII(L)(4-pic)2(OH2)]3+ products. Till 
now the assignment of the new EPR signal to [RuIII(L)(4-pic)2(OOH)]2+ has been rather 
tentative. In the next sections, combined information of mass spectrometry, Resonance 
Raman and EPR allows assignment of observed EPR signal to a peroxo-intermediate. 
One possible direction of the catalytic cycle is as follows: 
2[RuIV=O]2+ → [RuIII-H2O]3+ + [RuV=O]3+ 
[RuV=O]3+ + H2O → [RuIII-OOH]2+ 
 A small percentage of RuIV=O is being formed which quickly reacts with water to 
form RuV=O. RuV=O species is not spectroscopically detectable and in turn forms RuIII-
OOH. Hence both species RuIV=O and peroxo intermediate [RuIII-OOH]2+ coexists from 
EPR analysis. Further Raman and XANES analysis shown in sections 4.4 and 4.5 will be 
used to confirm this theory.  
 
Fig. 4.4: X-band EPR spectra (25K) of 0.5 mM solution of [RuII(L)(4-pic)2(OH2)]2+in 0.1 
M HNO3 (pH=1) frozen within 30 sec (black line) after addition of 1, 2 or 3 eq. of CeIV 
and melted for 1 min (red line).  
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4.4. Raman Analysis of Reactive peroxo and Ru(IV) Intermediate 
 Resonance Raman was carried out at 531 nm on suspected peroxo intermediate 
trapped by adding excess Ce(IV) to RuII starting material (Fig. 4.5).  The [Ru(II)(L)(4-
pic)2(OH2)]2+ starting complex was incubated for 24 hours in H218O water (98 % 
enriched) to achieve complete exchange of the suspected OOH molecules. Excess Ce(IV) 
was added to Ru(II) and the resulting mixture frozen within 30 seconds. As shown from 
Fig. 4.5,  resonance Raman of the peroxo intermediate in H216O and H218O  are almost 
identical except for the red shift of the low energy vibrations(582- 574 cm-1) and shifts of 
several bands in the 760-900 cm-1 region from 757 to 749 cm-1 and from 929 to 924 cm-1 
(Fig. 4.5). Previous literature have observed similar shifts of 8-12 cm-1 for species 
suspected to be [RuIV-OO]2+ prepared electrochemically by Polyansky and associates. 
[79]  It is quite interesting that we can observe similar Raman shift for this species 
prepared differently by adding excess oxidant. However unlike the peroxo intermediate 
[3,4]-prime,  observed in the schematic of the blue dimer catalytic cycle, this intermediate 
shows small vibrational mode changes in H216O versus H218O. Polyansky et al explain 
that the O-O and Ru=O stretching frequencies are not easy to observe in this type of 
monomeric complex due to the overlapping vibrational modes of the ligands [79]. Due to 
small shifts in vibrational modes observed for this peroxo intermediate, further XAS and 
EXAFS analysis were carried out in order to confirm the parallel existence of the peroxo 





Fig. 4.5: Resonance Raman with excitation at 532 nm of 0.5 mM  [RuII(L)(4-
pic)2(OH2)]2+ in 0.1 mol HNO3 with excess Ce(IV) complex prepared in regular and 18O-
enriched water and recorded at 100 K. 
4.5. XAS and EXAFS Analysis 
XAS analysis was carried out on [RuII(L)(4-pic)2(OH2)]2+ oxidized with consecutive 
increasing equivalents of Ce(IV). As shown from Fig. 4.6, the XANES spectrum of 
[RuIII(L)(4-pic)2(H2O)]2+ intermediate is consistent with presence of RuIII center (Fig. 
4.5A, and shifted toward higher energy by 0.8 eV as compared to [RuII(L)(4-
pic)2(OH2)]2+. In addition, XANES carried out on Ru(II) with excess Ce(IV) samples 
freeze-quenched from 1-30 s. showed progressively larger and larger energy shifts 





Fig. 4.6: A Ru K-Edge XANES of 0.5 mM [RuII(L)(4-pic)2(OH2)]2+oxidized with 20 eq 
of Ce(IV) in 0.1 mol HNO3 and freeze-quenched at indicated time intervals. RuV 
designates the spectrum of the RuV reference compound B. More detailed Ru K-edge of 
0.5 mM Ru(II) oxidized with 20 eq. of Ce(IV) in 0.1 mol HNO3 and freeze quenched 
from 1-5 s C. Fourier transforms of k3-weighted Ru EXAFS of 0.5 mM RuII(L)(4-
pic)2(OH2)]2+  with excess Ce(IV) in 0.1 mol HNO3 freeze-quenched at 1,12 and 30 s.  
For instance Ru(II) with excess Ce(IV) freeze-quenched at 30 s show the same 
energy shift as RuO2 indicating possibly large presence of RuIV and RuIII-OOH (Fig.  
4.6A). A pre-edge feature typical for RuV sample was absent in the RuII with excess 
Ce(IV) species indicating lack of presence of RuV species at 30 s. This confirms that the 
axial EPR signal observed at g = 2.02 does not correspond to RuV.  
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 In EXAFS as explained before, Fourier peaks show the radial distribution of the 
x-ray photoelectron backscattering from the atoms surrounding Ru. Peak I is attributed to 
the Ru-O and Ru-N scattering in the first coordination sphere whereas peak II is assigned 
to the Ru-C scattering in the second coordination sphere. RuII with excess Ce(IV) freeze 
quenched from 1 sec to 30 sec showed a shift towards lower apparent distance indicating 
presence of a shorter RuIV=O distance(Fig. 4.5 C). 
In order to understand the progressive structure of RuII, RuIII and RuII with excess 
Ce(IV) freeze-quenched at increasing times, EXAFS fits were carried out and the Ru-N, 
Ru-O and Ru=O structural distances extracted (Table 4.1, Fig.s 4.6, 4.7, Table C.1). 
EXAFS fits carried out for the starting Ru(II) material were in agreement with XRD data 
with 5 Ru-N distances at 2.12 Å and 1 Ru-N distance at 1.92 Å (Fig. 4.1, Fig. 4.6, Table 
C.1, Fig.s C.1,C.2). In addition, 8 carbons at 3.02 Å were consistently obtained. A Ru-
OH2 distance of around 2.14 Å [RuII(L)(4-pic)2(OH2)]2+ could however not be fitted in 
due to the low distance resolution and the close proximity of the Ru-N and Ru-OH2 
distances. However as more and more Ce(IV) was added, 4 Ru-N, 1 Ru-N as well 1 Ru-O 
distance could be fitted into the first coordination sphere (Table 4.1, Fig. 4.6). A smaller 
Ru-O distance consistently around 1.81 – 1.85 Å was obtained in RuII samples freeze-
quenched with excess Ce(IV) between time intervals of 1 sec-12 sec (Table 4.1, Table 
C.1,Fig.s 4.6, 4.7, C.1, C.2). However RuIIH2O with excess Ce(IV)freeze-quenched at 30 
sec and 15 min showed consistently a smaller Ru-O distance at 1.73-1.76 Å (Table 4.1, 
Table C.1) Absence of RuV species was observed in EPR and pre-edge in XANES 
analysis shows that samples at 30 sec and 15 min might contain a larger mixture of 
RuIV=O species. This can also be explained by the larger shift in energy obtained for RuII 
starting complex freeze-quenched at 30 sec and 15 min. Distance of 1.97 Å for Ru-O 
interaction in the Ru-OOH fragment reported previously for Pd and Pt peroxo complexes 
[111, 112] could not be properly observed due to the presence of a second Ru-N distance 
at around 1.92 Å . EXAFS analysis shows that formation of [RuIV(L)(4-pic)2=O]2+ is a 
pre-requisite of the O-O bond coupling step. 
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Table 4.1: Comparison of structural parameters from EXAFS and XRD for Ru(II) in 
starting complex [RuII(L)(4-pic)2(OH2)]2+,  as well as RuIIH2O with 1 eq. Ce(IV) and 
excess Ce(IV) freeze-quenched within 1 sec, 3 sec, 5 sec, 12 sec, 30 min and 15 min and 




Shell: N x distance in Å 
XRD [27, 81] 
bond distances are in Å  
RuIIH2O 
 
R-factor = 0.0040 
Reduced Chi2= 520 
Ru-N: 4 x 2.13 
Ru-N: 1 x 1,95 
Ru-C: 8 x 3.07 
Ru-C: 2 x 3.47 
Ru - N 1.92, 2.09,2.09 
2.10, 2.10 
Ru - O 2.14 
 
RuIIIH2O 
R-factor = 0.0013 
Reduced Chi2= 820 
Ru-N: 4 x 2.12 
Ru-N: 1 x 2.02 
Ru-C: 8 x 3.01 
Ru-C: 2 x 3.24 
 
RuIIH2O with 20 eq. 
Ce(IV) within 1 sec 
R-factor = 0.0050 
Reduced Chi2= 6507 
Ru-N: 4 x 2.10 
Ru-N: 1 x 1.98 
Ru-O: 1 x 1.82 
Ru-C: 8 x 2.96 
Ru-C: 2 x 3.13 
 
RuIIH2O with 20 eq. 
Ce(IV) within 3 sec 
R-factor = 0.0009 
Reduced Chi2= 306 
Ru-N: 4 x 2.10 
Ru-N: 1 x 1.98 
Ru-O: 1 x 1.84 
Ru-C: 8 x 2.99 
Ru-C: 2 x 3.36 
 
RuIIH2O with 20 eq. 
Ce(IV) within 5 sec 
R-factor = 0.0006 
Reduced Chi2= 708 
Ru-N: 4 x 2.10 
Ru-N: 1 x 1.98 
Ru-O: 1 x 1.85 
Ru-C: 8 x 2.98 
Ru-C: 2 x 3.15 
 
RuIIH2O with 20 eq. 
Ce(IV) within 12 sec 
R-factor = 0.0015 
Reduced Chi2= 398 
Ru-N: 4 x 2.10 
Ru-N: 1 x 1.97 
Ru-O: 1 x 1.81 
Ru-C: 8 x 2.99 
Ru-C: 2 x 3.12 
 
RuIIH2O with 20 eq. 
Ce(IV) within 30 min 
R-factor = 0.0051 
Reduced Chi2= 5998 
Ru-N: 5 x 2.09 
Ru-O: 1 x 1.73 
Ru-C: 8 x 3.02 
Ru-C: 2 x 3.21 
 
RuIIH2O with 20 eq. 
Ce(IV) within 15 min 
R-factor = 0.0124 
Reduced Chi2= 5151 
Ru-N: 5 x 2.11 
Ru-O: 1 x 1.76 
Ru-C: 8 x 3.07 
Ru-C: 2 x 3.24 
 
 





Fig. 4.7: Fourier transforms experimental (solid lines) and fitted (dashed lines  RuIIH2O 
from   [RuII(L)(4-pic)2(OH2)]2+ (Fit 5, table C.1) in comparison with XRD fits,  Ru III H2O 
from 1 eq. Ce(IV) oxidation to [RuII(L)(4-pic)2(OH2)]2+ (Fit 11, Table C.1), RuIIH2O with 








Fig. 4.8 Fourier transforms experimental (solid lines) and fitted (dashed lines) of   
RuIIH2O with excess Ce(IV) freeze-quenched within 5 sec (Fit 24, Table C.1, 12 sec (Fit 





This chapter shows a preliminary schematic for the mechanism of water oxidation by 
single-site catalyst [RuII(L)(4-pic)2(OH2)]2+  . Several intermediates are observed through 
combined usage of UV-Vis stopped flow analysis, time-resolved EPR, Resonance Raman 
as well as XAFS at Ru K-edge. Intermediates [RuIII(L)(4-pic)2(OOH)]2+ and RuIV=O are 
observed and characterized by the change in EPR signal upon successive melting of EPR 
samples over different course of time. This has several important implications in studies 
of catalytic water oxidation. Previous literarure reports has reported only UV-vis spectra 
which are rather unspecific for detection of Ru bound peroxides. EPR spectrum of 
[RuIII(L)(4-pic)2(OOH)]2+ is unique and thus its changes at different conditions can be 
effectively utilized in kinetic analysis.   For instance , we demonstrate here that Ru-bound 
peroxide is formed by [RuIV(L)(4-pic)2=O]2+ rather than [RuV(L)(4-pic)2=O]3+ reaction 
with water and this reaction takes place on 10-100 seconds time scale. We also show 
through EXAFS analysis that a small Ru-O distance in the order of 1.80 Å can be 
extracted for Ru(II) samples freeze-quenched at increasing time intervals. Highly 
oxidized RuV=O intermediates have been implicated in the mechanism of water oxidation 
with Ru-based catalysts. However, some stable RuV=O complexes exist which do not 
show reactivity in water oxidation[32, 73] Explanation of the origin of the [RuIV(L)(4-
pic)2=O]2+ reactivity towards the O-O bond formation awaits further investigation.  
However this chapter provides interesting structural and electronic insights about highly 











5. SPECTROSCOPIC CHARACTERIZATION OF LIGAND 




 Mononuclear Ru(II) polypyridine catalysts have recently received significant 
attention due to its high rates of oxygen evolution and high turnover number. These 
catalysts can be integrated into light driven molecular assemblies and electrodes. [113, 
114] Among these complexes, [Ru(bpy)(tpy)Cl]+ (bpy = 2,2'-bipyridine, tpy = 2,2'; 6',2''-
terpyridine) polypiridine catalysts is an interesting system for mechanistic analysis. 
According to current water oxidation paradigm, this compound should not work as water 
oxidation catalyst as it lacks Ru-H2O fragment which can undergo proton coupled 
electron transfer and formation of activated Ru=O species. Nevertheless, the catalytic 
activity was demonstrated and attributed to the Cl/solvent exchange[114]. Previously, 
[Ru(bpy)(tpy)Cl]+  was characterized by 1H NMR, electronic absorption and cyclic 
voltammetry[114] and demonstrated considerable catalytic activity. As shown by the 
catalyst’s name, three of its coordination sites are occupied by a bidendate closely related 
to 2,2’-bipyridine(bpy) and a monodentate halogen Cl molecule[114]. According to 
recent work carried out by Thummel and associates, this catalyst undergoes rapid 
chlorine-water exchange and Cl is about 50 % replaced by water in 3 hours. The rapid 
replacement of halide by water has previously been supported by Davies and Mullings 
with conductance and absorption measurements[113]. Thermal ligand substitution 
reactions[114] on [Ru(tpy)(phen)Cl]+ (phen = 1,10-phenanthroline) were also conducted 
and acetonitrile was found to replace chlorine in aqueous medium. 
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 In this chapter, we report interesting results from XANES at Cl and Ru K-edge that 
show that if the Ru(II), [Ru(bpy)(tpy)Cl]+ complex is freshly dissolved and oxidized with 
excess Ce(IV), Cl exchange for H2O is not observed over the  course of at least 4 hours.  
However if the Ru(II) complex is kept in water for at least 4 hours, the Ru-Cl bond is 
replaced by a H2O. [Ru(bpy)(tpy)H2O]+ complex is then further oxidized to form a small 
mixture of Ru(III)H2O and Ru(IV) species from EPR and XANES analysis. These results 
are very interesting and show that Cl does not exchange from Ru(III) but from Ru(II) 
itself if left for sufficiently long periods of time in water. Therefore our current finding 
from this chapter is that Ru-Cl does not work as water oxidation catalysts if freshly 
dissolved or immediately oxidized to Ru(III)-Cl, and subsequently used for catalysis 
experiments. In summary, this chapter provides some insights on the mechanism of the 
water oxidation for monomeric Ru complex, [Ru(II)(bpy)(tpy)Cl]+. Experimental data 
obtained on the reaction mechanism of this complex are shown through combined UV-
Vis, EPR, XANES at Cl and Ru L-edge as well as EXAFS analysis at Ru K-edge. 
Oxygen evolution was also carried out on freshly dissolved Ru(II) oxidized with excess 
Ce(IV) and no oxygen was observed to be evolved over the course of at least 4 hours 
indicating that Thummel and associates carried all oxygen evolution analysis on Ru(II)Cl 
salt left in water medium for a long time. 
5.2. Cl/H2O exchange for monomeric Ru(II) complex, [Ru(II)(bpy)(tpy)Cl]+ and 
[Ru(bpy)(tpy)H2O]+ 
The mechanism of the water oxidation reaction is shown in Fig. 5.1 and was studied 
chemically by addition of ammonium cerium(IV) nitrate in nitric acid at pH 1. If the 
mononuclear Ru (II) complex, [Ru(II)(bpy)(tpy)Cl]+ is freshly dissolved and oxidized 
with 1 eq. Ce(IV) or excess (20 eq.) Ce(IV), [Ru(III)(bpy)(tpy)Cl]2+ is formed which 
forms a small mixture of Ru(IV)=O only after a period of around 4 hours  However if the 
Ru(II)complex is left in water for around 4 hours, the Ru-Cl bonds is easily dissociated 
and replaced by a Ru-H2O bond. The Ru(II)-H2O species in turn forms a mixture of 
Ru(III)-H2O which when further oxidized forms some Ru(IV) species and evolves 
oxygen. The mechanism of water oxidation for the starting material Ru complex 
[Ru(II)(bpy)(tpy)Cl]+ following oxidation was compared to that of 
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[Ru(II)(bpy)(tpy)H2O]2+ when oxidized. The structures of both catalysts and their 
proposed catalytic cycle are shown in Fig. 5.1. Analysis of the structures of Ru(IV)=O is 
beyond the scope of this chapter. The main focus of the results will be based on how 
combined XANES and EXAFS results determined that Ru(II)-Cl cannot work as water 
oxidation catalysts if freshly dissolved. The realistic determination of the structure of 
Ru(IV)=O species is also difficult due to the fact that Ru(II)Cl oxidized with excess 
Ce(IV) after 24 hours dimerizes and indicates presence of a second Ru atom. Hence it is 
also possible that formation of Ru(IV) species and corresponding evolution of oxygen 
can only occur if the monomeric Ru complex forms dimers. 
 
Fig. 5.1 Proposed schematic of the catalytic cycle of A. mononuclear Ru(II) complex, 





5.3. UV-Vis and EPR analysis  
UV-Vis spectra of stable Ru(II)Cl and Ru(II)H2O were found to be the same and 
demonstrate absorption band around 477 nm, Fig. 5.2 A. Changes in absorbance versus 
time following oxidation of Ru(II)Cl with successive equivalents of Ce(IV) was also 
recorded, Fig. 5.2 B. Analysis was done with 5 x 10-5 M concentrations of Ru complex. 
As shown from Fig. 5.2, the main band in absorbance at 477 nm decreases with 
successive equivalents of Ce(IV) and no other bands are apparent in the visible region. 
Due to the low insolubility of the Ru(II)H2O complex, UV-Visible experiments were 
carried out to determine the dissolved solvents. 
 
Fig. 5.2 A UV-Vis absorbance measurements of Ru(II)Cl and Ru(II) H2O B. UV-Vis 
absorbance of Ru(III) formed from Ru(II)Cl after successive titrations with Ce(IV) 
 
 135 
In addition to UV-Vis analysis, EPR experiments were carried out with diluted (1 x 
10-3 M and 5 x 10-4 M) solutions to minimize contribution of reaction pathways involving 
two molecules of Ru catalyst. No differences were observed for the two concentrations. 
Addition of 1 eq. Ce(IV) to [RuII(bpy)(tpy)Cl]+ and freezing within 30 sec after mixing 
results in [RuIII(bpy)(tpy)Cl]2+ complex. Its EPR signal has g-tensor gxx = 2.79, gyy = 2.30 
and gzz = 1.66 (Fig. 5.3 A) contrary to the EPR signal obtained by adding 1 eq. Ce(IV) to 
the [RuIII(bpy)(tpy)H2O]3+ with g-tensor gxx = 2.60, gyy = 2.40 and gzz = 1.66. This 
confirms that addition of 1 eq. Ce(IV) to freshly dissolved Ru(II)Cl results in Ru(III)Cl 
which has considerably different EPR signal from the corresponding Ru(III)H2O 
complex.  
Excess Ce(IV) was also added in order to determine presence of Ru(IV) species in 
EPR and XAFS analysis. As shown from Fig.s 5.3 C and D, addition of 20 eq. Ce(IV) to 
both Ru(II)Cl  and Ru(II)H2O complex results in a decrease in the Ru(III) EPR signal. 
This correlates to the presence of Ru(IV) species as will be confirmed by XANES and 
EXAFS analysis shown in sections 5.4,5.5 and 5.6. While addition of excess Ce(IV) to 
Ru(III)Cl shows a small decrease to its EPR signal, addition of excess Ce(IV) to 
Ru(II)H2O complex shows a substantial decrease in its EPR signal corresponding to the 
rise of an Ru(IV) EPR silent species as well as a similar shift in XANES energy as RuO2 
standard compound. The confirmation of this species’ oxidation state is shown through 
Ru K and L-edge XANES (Figs 5.4, 5.7) as well as Ru K-edge EXAFS analysis which 





Fig. 5.3 A. Arbitrary X-Band EPR spectra (20 K) comparison of Ru(II)Cl in starting 
complex [Ru(II)(bpy)(tpy)Cl]+ with 1 eq. Ce(IV) oxidation and Ru(II)H2O in [RuII(L)(4-
pic)2(OH2)]2+ with 1 eq. Ce(IV) prepared within 30 seconds of mixing (1 mM, pH 1) B. 
Scaled EPR comparison of Ru(II)Cl + 1 eq.Ce(IV) and 20 eq. Ce(IV) (1 mM, pH 1) 
prepared within 30 sec of mixing C. Scaled EPR comparison of Ru(II)H2O + 1 eq. 
Ce(IV) and 20 eq. Ce(IV)  (1 mM, pH 1) prepared within 30 sec of mixing. 
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5.4. XAS at Ru K-edge 
 Further confirmation of the Ru oxidation state and presence of Ru-Cl fragment 
were carried out by XAS at Ru K-edge. The Ru K-edge XANES of the Ru(II)Cl and 
Ru(II)H2O complex is consistent with the assignment of the Ru oxidation state as Ru(II). 
When 1 eq. Ce(IV) is added to Ru(II), we observed a small shift in the edge energy 
corresponding to a predominant mixture of Ru(III). However, addition of excess (20 eq.) 
Ce(IV) to Ru(II) within 2 min and 20 min causes a shift in the Ru oxidation state 
corresponding to Ru(III). Interestingly, excess electron oxidation of Ru(II) recorded after 
24 hours show a shift in the energy consistent with the assignment of a mixture of Ru(III) 
and Ru(IV) for this complex whereas Ru(II)H2O oxidation with excess Ce(IV) shows a 
shift corresponding to a Ru(IV) species. Such XAFS analysis shows that a Ru(IV) species 
has to be formed to react with H2O and cause oxygen evolution to occur. XANES of 
monomeric Ru complexes were compared to those of standard compounds RuO2 
(standard for Ru (IV) and Ru (V) powder. As explained above, Ru(II) with excess Ce(IV) 
frozen with 24 hours is consistent with a RuIV center (Table 5.1, Fig. 5.4). Its edge shift 
was similar to that of RuO2. In addition, its XANES energy edge is located between those 














Table 5.1 Comparison of XANES Energy for Ru(II)Cl starting complex as well as Ru(II) 
oxidized with  1 eq Ce(IV) freeze-quenched within 2 min, and oxidized with 20 eq. 
Ce(IV) freeze-quenched within 2 min, 20 min and 24 hours. XANES of Ru(II) H2O and 
Ru(II)H2O oxidized with excess Ce(IV) and frozen within 30 s are also shown. 
References used are blue dimer [3,3], RuO2 and Ru(V) standard powders.  
 
Sample Edge Energy (eV) Difference between current 
and previous rows (eV) 
Ru(II) Cl 22123.17  
Ru(II) H2O 22123.17 0 
Ru(II) Cl + 1 eq. Ce(IV  
(2 min) 
22123.86 0.69 
Ru(II) Cl with 20 eq. Ce(IV) 
(2 min) 
22123.96 0.10 
Ru(II) Cl with 20 eq. Ce(IV) 
(20 min) 
22123.96 0 
Ru(II) Cl with 20 eq.Ce(IV) 
(24 hrs) 
22124.63 0.67 




RuO2 22125.08 0 







Fig. 5.4 Normalized Ru K-edge XANES of the starting Ru(II)Cl, Ru(II)H2O complex . 
Oxidized Ru(II)Cl with with 1 eq. and excess Ce(IV) frozen within 2 min are shown. 
Ru(II)H2O with excess Ce(IV) frozen within 30 s is also shown. Reference compounds 
are blue dimer [3,3] Ru(IV) oxide and standard Ru(V) powder B.  XANES spectrum 
comparison of Ru(II)Cl with excess Ce(IV) frozen with 2 min, 20 min and 24 hours. C. 
Fourier transforms of k3-weighted Ru EXAFS of Ru(II)Cl and Ru(II)H2O starting 
complex as well as oxidized intermediates of Ru(II) Cl with excess Ce(IV) frozen within 
2 min, 20 min and 24 hours. EXAFS of Ru(II)H2O with excess Ce(IV) (30 s) is also 
shown to indicate absence of Ru-Cl interaction.  
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5.5. EXAFS at Ru K-Edge 
 In EXAFS, fourier peaks as mentioned before show the radial distribution of the 
x-ray photoelectron backscattering from the atoms surrounding Ru. X-ray structures of 
the Ru(II)Cl complex is available and was compared to its K-edge EXAFS. Structural 
distances extracted through EXAFS fits were similar to those obtained through XRD 
(Table 5.2). The first peak is attributed to the Ru-O and Ru-N scattering in the first 
coordination sphere whereas the second peak shown by an arrow in the second 
coordination sphere of  [Ru(II)(bpy)(tpy)Cl]+ is attributed to the Ru-Cl distance and is 
about 2.40 Å (Table 5.2).  EXAFS fits of Ru(II)Cl, Ru(II)H2O, Ru(II)Cl with 1 eq.Ce(IV) 
freeze-quenched within 2 min, Ru(II)Cl with 20 eq. Ce(IV) freeze quenched within 2 min 
and 20 min as well as Ru(II)H2O freeze quenched with excess Ce(IV) within 30 sec were 
carried out. EXAFS fits of Ru(II)Cl showed improved quality of fit when a Ru-Cl 
distance was added to the first peak (Table 5.2, Fig. 5.5, Table D.1, A). Average Ru-N 
distance of 2.05 Å and Ru-Cl distance of 2.43 Å were obtained in EXAFS fits of Ru(II)Cl 
and were in good agreement with XRD data. Similarly, EXAFS fits for Ru(II)H2O  were 
consistent with XRD data(Table 5.2 Fig. 5.5, Table D.1) and  revealed distances of  5 Ru-
N at 2.07 Å and 1 Ru-N distance at 1.92 Å. It was difficult in this case to fit a Ru-H2O 
distance (2.15 Å) due to the low distance resolution determined from the k-space range 
window of the data set and its close proximity to a Ru-N distance. Interestingly, EXAFS 
fits of Ru(II) with 1 eq. Ce(IV) freeze-quenched within 2 min and excess Ce(IV) (20 eq.) 
freeze-quenched within 2 min and 20 min show improvement in the quality of fit when a 
Ru-Cl distance is added to the fit as indicated by the reduction in the reduced chi square 
value. However, if excess (20 eq.) Ce(IV) is added to Ru(II), and the reaction mixture is 
frozen within 24 hours, the Ru-Cl distance is no longer visible. A Ru-Cl distance of 2.21 
Å close to a Ru-H2O distance is obtained. In addition, a strong peak between 3 and 4 Å is 
predominant indicating presence of a second Ru atom in Ru(IV). This indicates the need 
for a Ru(IV) species to be formed in order for the Ru-Cl distance to be dissociated and a 
Ru-H2O bond to be formed. A Ru(IV) species was also formed when excess Ce(IV) was 
added to Ru(II)H2O and frozen quenched by 30 sec. This is illustrated by the shift in the 
XANES edge energy corresponding to Ru(IV) compound as well by the improvement in 
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the quality of the overall EXAFS fit when a short Ru=O distance of 1.77 Å is added to 
the first and 2nd shell fits. 
Table 5.2 Comparison of structural parameters from EXAFS and XRD for Ru(II) in 
starting complex Ru(II) Cl, Ru(II) H2O,  as well as Ru(II)Cl with excess Ce(IV) frozen 
within 2 min, 20 min and 24 hours. EXAFS fits of Ru (II)H2O with excess Ce(IV) frozen 





Shell: N x distance in Å 
XRD [27, 81] 
bond distances are in Å  
Ru(II)Cl 
R-factor = 0.0097 
Reduced Chi2= 11567 
Ru-N: 5 x 2.04 
Ru-Cl: 2.43 
Ru-C: 10 x 2.96 
 
Ru-N: 2.07, 2.03, 2.06, 2.07, 
1.95 
Ru-Cl: 2.40 
Ru-C: 2.86, 2.89, 2.90, 2.90, 
2.93, 3.03, 3.06, 3.08, 3.09, 
3.13 
 
Ru(II)Cl with 20 eq. 
Ce(IV) within 2 min 
 
R-factor = 0.0029 
Reduced Chi2= 1548 
Ru-N: 5 x 2.06 
Ru-Cl: 1 x 2.33 
Ru-C: 10 x 2.98 
 
 
Ru(II)Cl with 20 eq. 
Ce(IV) within 20 min 
R-factor = 0.0032 
Reduced Chi2=  868 
Ru-N: 5 x 2.06 
Ru-Cl: 1 x 2.33 
Ru-C: 10 x 2.98 
 
 
Ru(II)Cl with 20 eq. 
Ce(IV) within 24 hours 
R-factor = 0.0060 
Reduced Chi2= 2470 
Ru-N: 5 x 2.08 
Ru-Cl: 1 x 2.40 




R-factor = 0.0035 
Reduced Chi2= 842 
Ru-N: 6 x 2.06 
Ru-C: 10 x 2.96 
 
 
Ru(II)H2O with 20 eq. 
Ce(IV) within 30 sec 
R-factor =0.0066 
Reduced Chi2= 3165 
Ru-N: 5 x 2.05 
Ru-O: 1 x 1.77 
Ru-C: 10 x 2.95 
 





Fig. 5.5 Fourier transforms experimental (solid lines) and fitted (dashed lines  Ru(II)Cl 
from   [Ru(II)(bpy)(tpy)Cl]+ (Fit 3, table D.1) in comparison with XRD fits, Ru(II)Cl 
with excess Ce(IV) freeze-quenched within 2 min (Fit 13, Table D.1) , 20 min (Fit 16, 
Table D.1), 24 hours (Fit 19, Table D.1, Ru (II) H2O from [RuII(L)(4-pic)2(OH2)]2+ (Fit 7, 




5.6. XANES at Cl K-edge and Ru L-edge 
Investigation of the chlorine-water exchange was also investigated by XAS at Cl K-
edge(Fig. 5.6), and the electronic configuration of the monomeric Ru complexes after 
oxidation was alongside confirmed by Ru L-edge analysis (Fig. 5.7). XANES at Cl K-
edge in Ru(II) Cl shows a strong pre-edge corresponding to 100 % of bound Ru-Cl. The 
reasoning behind the informative pre-edge type of bonding in Ru(II)Cl can be explained 
in terms of the molecular orbitals theory. For instance Cl atom has one hole on the valent 
3p-level and thereby high electron affinity. When bound to an atom with low ionization 
potential such as a sodium atom, Cl effectively adopts one electron to fill its 3 p orbital 
and become a negatively charged ion. In this case, the dominant transitions from the Cl 
1s-orbital are possible due to the band comprised of Cl 4p-states. Thus the Cl K-edge 
XANES spectrum of NaCl is broad as 4p-states are delocalized in nature. However the 
Ru-Cl bond in the [Ru(II)(bpy)(tpy)Cl]+ complex is mainly covalent in nature such that it 
has unoccupied molecular orbitals with considerable Cl 3 p admixture. As such, Ru(II)Cl 
has an additional sharp feature just below the main absorption edge, which can be used 
for the estimation of the Ru-Cl covalent bonding degree. As explained from Ru EXAFS 
K-edge analysis, contrary to previous literature reports, this Ru(II) catalyst does not 
undergo rapid chlorine-water exchange when oxidized by Ce(IV). For instance, if freshly 
dissolved Ru(II) is oxidized with 1 eq. or 20 eq. Ce(IV), the Ru-Cl is still intact. This can 
be very well explained by the diminishing pre-edge feature in freshly dissolved Ru(II) 
versus Ru(II)dissolved for 30 min and 4 hours in water. As seen from Fig. 5.6, the pre-
edge feature is dominant in freshly dissolved Ru(II) but rapid decreases and is almost 
absent after 4 hours. Also addition of 1 eq. Ce(IV) and 20 eq. Ce(IV) to freshly dissolved 
Ru(II) results in very little decrease (around 20 %) of Ru-Cl bond even after 4 hours. This 
confirms that freshly dissolved Ru(II) cannot be used as water oxidation catalysts. 
However if Ru(II) is dissolved for a time period of at least 4 hours, the Ru(II)Cl bond is 
easily dissociated and forms a Ru(II)-H2O bond which causes fast oxygen evolution to 
occur. 
Fig. 5.7 compares Ru L2,3-edges XANES for freshly dissolved Ru(II)Cl, Ru(II)Cl 
with 1 eq. Ce(IV) and 20 eq.Ce(IV) freeze-quenched within 2 min as well as Ru(II)H2O 
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with excess Ce(IV) freeze-quenched within 30 second. The latter samples indicates a 
Ru(IV) center as indicated from the shift energy compared to Ru(II) and Ru(II)Cl 
oxidized with 1 eq. and 20 eq. Ce(IV). Distinct spectral features are labeled A, B, and C. 
Within a single-particle model in the octahedral crystal field, A/B energy splitting 
corresponds to 2p→t2g and 2p→eg transitions. Both peaks can be observed in L3-edge 
spectra of samples with 4d5 - RuIII, and 4d4 - RuIV - configurations. Upon oxidation of 
one Ru center from RuII to RuIII in Ru(II)Cl with 1 eq and 20 eq. Ce(IV) , the L3 energy 
shift to higher energy by 0.5 eV. Oxidation of Ru center from Ru(III) to Ru(IV) in 
Ru(II)H2O with excess Ce(IV) frozen within 30 sec showed an energy shift of around 0.2 
eV indicating a small presence of Ru(IV) in this species as well as a mixture of Ru(III). 
Peak A becomes more pronounced for oxidized intermediate Ru(III)Cl at L3 edges. This 
is consistent with lower occupancy of the Ru 4d-shell in RuIII  in comparison with RuII. 
Increase in the oxidation state of the Ru atom allows for increased number of 2p→4d t2g-










Fig. 5.6 Cl K-edge of A. Ru(II) starting complex [Ru(II)(bpy)(tpy)Cl]+ left in water 
medium for 2 min, 30 min and 4 hours in comparison with NaCl  B. Ru(II)Cl in H2O 
dissolved in water for 2 min in comparison with  Ru(II) Cl with 1 eq Ce(IV) frozen with 
2 min, 30 min and 4 hours. C. Ru(II)Cl dissolved in water for 2 min in comparison with 





Fig. 5.7 Ru L-edge XANES of Ru(II)Cl in H2O dissolved for 2 min in comparison with 
Ru(II)Cl with 1 eq. Ce(IV) and 20 eq. Ce(IV) frozen within 30 min. Ru L-edge XANES 
of Ru(II)H2O with 20 eq. Ce(IV) frozen within 30 s is also shown for comparison 
purposes. 
5.7. Conclusion 
In summary, water exchange on a  mononuclear Ru(II) complex, 
[Ru(II)(bpy)(tpy)Cl]+ (bpy = 2,2'-bipyridine, tpy = 2,2'; 6',2''-terpyridine)  to give the 
corresponding [Ru(III)(bpy)(tpy)H2O]3+ species  as active catalyst was characterized by 
X-Band EPR, XANES at Cl and Ru K-edge as well as EXAFS at Ru K-edge and L-edge. 
Freshly dissolved Ru(II) catalyst undergoes slow chlorine-water exchange when oxidized 
by Ce(IV) as illustrated by presence of  Ru-Cl bond in oxidized Ru(III) intermediate in 
EXAFS analysis at Ru K-edge and Cl K-edge. Oxygen evolution carried out on 0.1 mM 
Ru(II) with excess Ce(IV) showed no increase in the O2 evolution over the course of 4 
hours showing that freshly dissolved Ru(II) when oxidized does not evolve oxygen. Also,  
1 eq. Ce(IV) is added to Ru(II)Cl complex, EPR spectra corresponding to that of  Ru(III) 
Cl complex is considerably different from that of Ru(III)H2O confirming absence of Cl-
exchange. We also report in this chapter that the Ru-Cl bond is only dissociated and 
demonstrates a small extent of the Ru-H2O character when a small presence of Ru(IV) is 
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obtained. This is illustrated by the presence of a Ru(IV) bond in Ru(II)Cl with excess 
Ce(IV) after 24 hours as well by a Ru(IV) character observed in Ru(II)H2O with excess 
Ce(IV). We confirm in this chapter that rapid replacement of Ru-Cl interactions only 
occur if the starting Ru(II) complex is allowed to stay in a water medium for a period of 
at least 4 hours. Such type of observation and characterization has several important 
implications in studies of catalytic water oxidation. Thummel and coworkers have studied 
several halogen complexes that can perform as active water oxidation catalysts by having 
a water molecule in the coordination sphere around the metal. However the 
accommodation of an extra water molecule could be a problem due to steric hindrances 
around the metal center. This study shows that the six-coordinated geometry of the Ru-
coordination complex is preserved by just simple exchange of the chlorine molecule by 
water molecule. However the spontaneous reactivity and structural characterization of the 
[Ru(bpy)(tpy)H2O]aqua complex  can only occur if the Ru(II) complex is allowed to 
incubate in water for several hours. Due to the high turnover rate of this complex, it is 














6. CHARACTERIZATION OF PEROXO INTERMEDIATES IN A RU 
COMPLEX WITH COMPARABLE RATE TO THE OXYGEN 
EVOLVING COMPLEX IN PHOTOSYSTEM II  
6.1 Introduction 
 Up till date, there is no catalyst that can match the outstanding performance of the 
oxygen evolving complex in photosystem II and its high turnover rate. The O-O bond 
formation mechanism has been understood to a certain extent from the blue dimer 
catalytic cycle. However the highest turnover frequency for man-made catalysts has yet 
to exceed 5 s-1 [43]. This chapter shows a detailed characterization of the intermediates in 
water oxidation catalyzed by a mononuclear Ru complex [Ru(bda)(isoq)2] (H2bda = 2,2’-
bipyridine-6,6’-dicarboxylic acid; isoq = isoquinoline) using EPR, Resonance Raman 
spectroscopy, XANES and EXAFS. Currently this catalyst is the most promising single 
site catalyst due to the strong electron-donating character of its bda ligand.[43] The bda 
ligand in this complex is essential as it provides easy accessibility to a seventh 
coordination position on the Ruthenium center due to the geometrical features of its 
equatorial position resulting from its larger O-Ru-O angle.[43] In addition, the 
coordination expansion to seven with a water ligand can allow a Ru metal center to reach 
high oxidation states through proton-coupled electron transfer. Such type of configuration 
aids towards the improved reactivity and efficiency of the catalyst.  
Using cyclic voltammograms and oxygen evolution results, Llobet and co-
workers[43] recently reported that the nature of the ligand is extremely sensitive to the 
efficiency of the catalyst. For instance, if the equatorial ligand of the catalyst is only 
slightly modified, a few fold larger catalytic current as well as larger amount of oxygen 
evolution is observed indicating an increase in its catalytic activity and turnover rate. The 
monomeric complex with picoline ligands as opposed to isoquinoline ligands was shown 
to demonstrate much higher catalytic activity from spectroscopic, electrochemical, 
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kinetic studies as well as quantum-chemical modeling.[43] For instance, the turnover 
frequency of the catalyst was improved by a factor of almost 10 with the implementation 
of picoline as opposed to isoquinoline ligands[43] 
Preliminary results reported in this chapter reveal a number of intriguing properties 
of the intermediates similar to those observed in the catalytic cycle of mononuclear Ru 
polypyridyl complexes explained in Chapter 4 and 5. An EPR silent intermediate 
corresponding to Ru(IV) oxidation state is observed. This intermediate indicates 
dimerization and formation of a Ru-O-O-Ru bond under catalytic conditions and addition 
of excess Ce(IV). Interestingly, this intermediate has been shown to speed up the water 
oxidation reaction to an unprecedentedly high reaction and high turnover frequency > 300 
s-1[43]. This reaction rate is closer to that of the oxygen-evolving complex of 
photosystem in vivo which makes the characterization of such intermediates an 
interesting study [43]. 
6.2. Schematic of the Catalytic Cycle 
The preliminary schematic of the catalytic cycle for monomeric Ru catalyst 
[Ru(bda)(isoq)2] is shown in Fig. 6.1. The intermediates in this catalytic cycle were 
studied by adding successive equivalents of Ce(IV) in 0.1 M triflic acid. Although 
monomeric Ru catalysts show larger turnover rate and more potential use for light-fuel 
functional assemblies, characterization of their structures is extremely intriguing. As 
observed in Fig. 6.1, upon adding 1 eq. of Ce(IV) to the starting Ru catalyst, a Ru(III) 
species with a small presence of a dimeric signal was observed from EPR analysis. 
However upon adding excess oxidant, a Ru(IV) intermediate believed to be a superoxo 
dimer intermediate is initially formed demonstrating an EPR signal with interesting 
hyperfine splittings. This intermediate quickly reacts to give way to an EPR purple silent 
intermediate hereby assigned to a Ru(IV) peroxo dimer.  A monomeric Ru(IV)=OH as 
well as a Ru(V)=O is included in this schematic based on initial DFT calculations carried 
out on this catalyst. For instance, monomeric Ru(V)=O is believed to be the active 
species that rapidly dimerizes into the Ru(IV)-OO-Ru(IV) peroxo dimer from which 
molecular oxygen evolves. However these 2 species were not spectroscopically observed 
here and are not within the scope of this chapter. Detailed structural insights about the 
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Ru(IV) peroxo and superoxo species won’t be presented in this chapter. However 
XANES and preliminary EXAFS analysis will illustrate the presence of a Ru(IV) species 
and a second Ru center indicating dimerization. The presence of a dimer and electronic 
configuration of these intermediates will for instance be shown in sections 6.3 and 6.5 by 
a broad EPR signal as well as a large back scattering amplitude around 3.7 Å, which 
corresponds closely to the calculated [43]Ru-Ru distance of 3.575 Å.  
 
Fig. 6.1 Proposed preliminary catalytic cycle of mononuclear [Ru(bda)(pic)2] complex 
6.3. EPR analysis  
All intermediates represented in Fig. 6.1 were studied by EPR in 0.1 M CF3SO3H. 
The starting Ru(II) complext was however dissolved in dichloromethane as it gets easily 
oxidized if dissolved in acid. For instance Ru(II) dissolved in triflic acid showed an 
interesting mixture of Ru(II) and Ru(III) with absence of a dimer in EPR (Fig. 6.2). The 
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presence of Ru(II) in this species is further confirmed by XANES analysis in section 6.4. 
However Ru(III) stable complex in [Ru(bda)(isoq)2] dissolved in water has its EPR signal 
with g-tensor gx = 2.30, gy = 2.25 and gz = 1.85 in addition to a broad signal with g-factor 
equal to 1.95. This broad EPR signal corresponds to the typical dimeric EPR signal 
observed in the blue dimer catalytic cycle. Subsequently, upon adding 3 eq. Ce(IV), an 
almost EPR silent signal was observed confirming a large presence of Ru(IV) in solution. 
In addition, the Ru(III) signal disappears completely when excess Ce(IV) is added and 
oxygen evolution has ceased. The presence of the nice hyperfine splitting with 3 peaks at 
g = 2.04, g = 2.00 and g = 1.96, is attributed to the N-C interactions in the Ru(IV) 
intermediate and only arises upon addition of excess oxidant to Ru(II). The quick 
disappearance of these hyperfine splittings within a period of 30 s is very interesting and 
indicates quick dissociation of the N-C bonds to form a more stable Ru(IV) intermediate. 
Hence as observed in the catalytic cycle in Fig. 6.1, the 2 EPR signals corresponding to 
addition of Ce(IV) to Ru(III) within 30 sec and 5 min might correspond to a Ru(IV)-
superoxo dimer and a Ru(IV) peroxo dimer respectively. However such assignments 
require further spectroscopic analysis and are not investigated in depth in this chapter. 
 
Fig. 6.2 X-Band EPR spectra (20 K) of 0.5 mM [Ru(bda)(pic)2] in dichloroethane and 0.5 
mM [Ru(III)(bda)(pic)2] dissolved in water. EPR spectra of 0.5 mM [Ru(III)(bda)(pic)2] 
with 3 eq and 20 eq. oxidant in 0.1 mol CF3SO3H freeze-quenched within 30 sec and 5 
min are also shown.  
 
 152 
6.4. XANES Analysis 
Similar to the Ru monomeric complexes [RuII(L)(4-pic)2(OH2)]2+ (1) (L = 4-t-butyl-
2,6-di(1',8'-naphthyrid-2'-yl)pyridine, pic = 4-picoline) and Ru(II) polypyridine catalysts, 
Ru(II) complex, [Ru(bpy)(tpy)Cl]+ (bpy = 2,2'-bipyridine, tpy = 2,2'; 6',2''-terpyridine), 
intermediates trapped from the [Ru(bda)(isoq)2] complex were studied by XANES upon 
addition of progressive equivalents of Ce(IV) (Fig. 6.3). A similar shift in energy 
corresponding to Ru(IV) was observed when excess Ce(IV) is added to Ru(II). For 
instance Ru(II) with a mixture of Ru(III) showed a shift in energy between that of Ru(II) 
and Ru(III) whereas Ru(III) showed an increased shift in energy (Fig. 6.3). As more and 
more Ce(IV) is added, a Ru(IV) peroxo species was obtained. The Ru K-edge XANES of 
this species is consistent with the assignment of the Ru oxidation state as Ru(IV) as it has 
the same energy shift as RuO2 powder standard. Contrary to prior EPR observations with 
the Ru monomeric complex described in Chapters 4 and 5, this intermediate gives an 
EPR silent intermediate which corresponds to almost 100 % of Ru(IV) contribution. 
 
Fig. 6.3 A. Ru K-Edge XANES of 0.5 mM of stable [Ru(III)(bda)(isoq)2]  dissolved in 
water and 0.5 mM [Ru(II)(bda)(isoq)2] oxidized with 1 eq, 3 eq. and 20 eq. Ce(IV) in 0.1 
mol B. More detailed Ru K-edge of 0.5 mM Ru(II) and Ru(III) oxidized with 20 eq. 
Ce(IV) in comparison with standard Ru compounds RuO2 and Ru(V) powder.  
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6.5. Resonance Raman and EXAFS analysis 
Resonance Raman as well as preliminary EXAFS analysis were also carried out in 
order to understand the structure of Ru(IV) in the catalytic scheme shown in Fig. 6.1, 
Resonance Raman analysis was carried out on Ru(III), Ru(III) oxidized with excess (20 
eq.) Ce(IV) trapped intermediately with EPR signal consisting of three hyperfine 
splittings at g = 2.04, 2.00 and 1.86 (Fig. 6.2)  as well as Ru(III) with excess Ce(IV) 
trapped after around 5 min, i.e. after oxygen evolution has ceased. A difference in Raman 
vibration from 714-693 cm-1 (Fig. 6.4) was observed between Ru(III) and Ru(III) 
oxidized with excess Ce(IV) trapped immediately and after oxygen evolution. In 
addition, several bands observed between 1200-1600 cm-1 observed for Ru(III) 
disappeared when excess Ce(IV) was added. This indicates a considerable change in 
structure between the 2 complexes. Such type of change could be attributed to the O-O 
vibration in the Ru-OO bridge in proposed Ru(IV) superoxo and peroxo dimer (Fig. 6.4). 
 
Fig. 6.4 Resonance Raman with excitation at 638 nm of  A. 0.5 mM  [Ru(III)(bda)(isoq)2] 
in 0.1 mol CF3SO3H and with excess Ce(IV) freeze-quenched within 30 sec. B. 0.5 mM 
[Ru(III)(bda)(isoq)2] in 0.1 mol CF3SO3H with excess Ce(IV) freeze-quenched at 30 sec 
and 5 min.  
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 Interestingly, Raman spectra of Ru(III) with excess Ce(IV) frozen within 30 sec 
and 15 min showed no shift in their Raman vibrational modes probably as the Ru-N-C 
interactions causing the hyperfine splittings in EPR at 30 s is not visible in Raman.   
 Preliminary EXAFS fits were carried out on proposed Ru(III)-OO-Ru(III) 
intermediate formed by dissolving Ru(III) stable complex in water (Fig. 6.5 A). The 1st 
peak corresponding to Ru-N, Ru-O distances were first fitted. Similarly to blue dimer, the 
Ru-O-Ru angle was fitted with varying angles from 150-180˚ (Fig. 6.5 B) . Two Ru-O 
distances corresponding to 1.92 and 2.09 Å well as Ru-Ru distance of 3.61 Å closed to 
the predicted calculated distance of 3.56 Å were obtained. In this case, the backscattering 
amplitude corresponding to a Ru-O-Ru instead of a Ru-O-O-Ru vibration was plotted as 
1.92 and 2.09 Å are too close to the data resolution of 0.14 Å determined from the 
integrated k-range range window of this data set. 
 
 
Fig. 6.5 A. Fourier transforms experimental (solid lines) and fitted (dashed lines) of 
[Ru(bda)(isoq)2]  starting stable complex dissolved in water. B. Result of the Ru-O-Ru 
angle determination for Ru(III)-O-O-Ru(III) plotted as a function of the Ru-O-Ru angle. 
The angle is determined to be the one that provides accurate coordination number.  
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Preliminary Ru-O, Ru-N and Ru-Ru distances obtained for the Ru(III)-O-O-Ru(III) 
complexes revealed 4 Ru-N distances at 2.11 Å, 1 Ru-O at 1.92 Å, an additional Ru-O 
distance at 2.09 Å , 8 Ru-C at 3.04 Å, 1 Ru-Ru distance at 3.61 Å and a Ru-O-Ru angle at 
158 ± 2˚(Fig. 6.5 A,B). The analysis of the EXAFS fits of the Ru(IV)OORu(IV) peroxo 
dimer is not within the scope of this project. However, comparisons of the fourier 
transforms of Ru(III)OORu(III) and Ru(IV)OORu(IV) peroxo dimer species(Fig. 6.6) 
revealed a larger back-scattering amplitude in the first shell from 1.25 - 2 Å than the 
corresponding Ru(III) dimer showing lesser destructive interference and consequently a 
shorter Ru=O distance as expected. In addition, a smaller back-scattering amplitude 
between 3-4 Å is observed in the Ru(IV) peroxo dimer (Fig. 6.6) indicating a smaller Ru-
O-O-Ru angle as compared to Ru(III)OORu(III). Preliminary EXAFS fits provides 
promising insights into the structures of this highly reactive and efficient monomeric Ru 
complex. 
 
Fig. 6.6 Fourier transforms of k3-weighted Ru EXAFS of proposed Ru(III)OORu(III) 
from [Ru(bda)(isoq)2]  starting stable complex dissolved in water and and 
Ru(IV)OORu(IV) peroxo dimer formed by adding excess Ce(IV) oxidant to 
[Ru(bda)(isoq)2]  in water 
6.6. Conclusion 
In summary, this chapter reports EPR, XAS, Resonance Raman and EXAFS analysis 
of the intermediates trapped by a water oxidizing complex with comparable turnover 
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frequency and diminished oxidation decomposition as photosystem II. Characterization 
of XANES and EXAFS of intermediates in this catalyst revealed intriguingly similar 
characteristics as observed with single-site water-oxidizing complexes described in 
chapters 4 and 5. For instance, electronic configuration of a Ru(IV) species were 
observed with both catalysts upon adding excess of Ce(IV). This change in oxidation 
state to Ru(IV) is interesting and helps to prove that highly oxidized Ru(IV)-O-O-Ru(IV) 
peroxo dimer might be a key intermediate from which molecular oxygen evolves. This 
chapter also provides some interesting insights on how huge variations in the reactivity of 
a catalyst depend on the nature of its surrounding axial ligands. Such ligands have likely 
arranged themselves during the Ru(IV) peroxo dimer formation as illustrated by the 
various changes in EPR and Raman results. Current spectroscopic analysis is an initial 
step towards understanding the mechanism behind this important class of highly effective 
















7. CHLORINATION OF TRIS(BIPYRIDINE) RUTHENIUM (II) TO 
EXPLAIN RU(III) PEROXO EPR SIGNAL OBSERVED IN 
SINGLE-SITE CATALYSTS 
7.1.  Introduction 
  In previous chapters 4, 5 and 6, an interesting EPR signal assigned to a peroxo 
intermediate has been observed to accumulate with different Ru monomeric complexes. 
However despite considerable effort, the goal of properly underlying the molecular 
mechanism of single-site catalysts is still ambiguous [115]. These chapters discuss a 
preliminary catalytic cycle based on the combined usage of a variety of spectroscopic 
techniques. Although further clarification on the reaction pathways of single-site catalysts 
is required, these chapters bring forward a significantly improved amount of information 
on the complexity of monomeric Ru complexes. One particularly intriguing aspect of the 
[RuII(L)(4-pic)2(OH2)]2+ (1) (L = 4-t-butyl-2,6-di(1',8'-naphthyrid-2'-yl)pyridine, pic = 4-
picoline) for instance is that a typical rhombic-shaped EPR signal with g-tensor gx = 2.33, 
gy = 2.23and gz = 1.81 is constantly observed even with addition of excess Ce(IV) 
oxidant. The nature of this EPR signal is quite puzzling and interestingly enough, a 
similar rhombic shaped EPR signal was observed when a stream of chlorine gas was 
bubbled through the photosensitizer [Ru(bpy)3]2+ solution for a time period of at least 
around 2 weeks[116]. This chapter illustrates the structure and properties of this Ru 
chlorinated product with bear interesting similarities to the intermediates captured in 
single-site catalysts. The properties of the Ru chlorinated product were studied due to the 
ease with which it can be crystallized.  
The overall ultimate objective is that if the Ru chlorinated product reported by 
Sagues and associates[116] can be isolated and crystallized, further XRD experiments in 
conjunction with EXAFS results shown in this chapter can be carried out in order to 
understand the properties of the Ru species with peroxo-like intermediate signal. This 
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will help to improve our understanding of the molecular mechanism underlying the 
catalytic cycles of monomeric highly efficient Ru complexes. 
7.2. Structure and properties of the [Ru(bpy)3]Cl2 photosensitizer 
 The red crystalline salt tris(bipyridine) (ruthenium(II) dichloride  [Ru(bpy)3]Cl2 
has a thermally and photochemically stable octahedral coordination complex (Fig. 
7.1).[117] Due to its useful optical properties, this salt has received much attention and 
applications in dye-sensitized solar cells[118], and sensitizer in chemical reactions[119] 
among others. As demonstrated in chapter 5, [Ru(bpy)3]2+ is also an interesting choice as 
a photosensitizer for photochemical water splitting systems.  
 
 
Fig. 7.1 Structure of the Tris(bipyridine) (ruthenium(II) dichloride  [Ru(bpy)3]Cl 
The reaction system (Fig. 7.2) usually consists of three components including a 
photosensitizer, a sacrificial electron accepter and a water oxidation catalyst. [117]For 
instance, when [Ru(bpy)3]2+ is irradiated below 560 nm, a charge-transfer excited state is 
formed via metal to ligand charge transfer (MLCT) which is capable of reducing water to 
dihydrogen.[117] As illustrated in Fig. 7.2,  when tris(bipyridine) ruthenium, 
[Ru(bpy)3]2+ is oxidized or irradiated with light, a charge-transfer excited state 
[*Ru(bpy)3]2+ is formed (Equation 7.1) which can react with water to form [Ru(bpy)3]3+ 
in the presence of an electron accepter such as sodium persulfate (S2O82-)[120]. 
 




The solution of the excited state has a comparatively long lifetime of 890 ns in 
acetonitrile and 650 ns in water and relaxes to ground state by emitting a photon at a 
wavelength of 620 nm.[121] Having both oxidizing and reducing properties, [Ru(bpy)3]3+ 
can then convert back to the initial starting complex [Ru(bpy)3]2+ through the reduction 
of hydroxide ion as shown in (7.2). 
 
[Ru(bpy)3]3+ + OH- →  [Ru(bpy)3]2+ ¼ O2 + ½ H2O 
(7.2) 
 
A catalyst such as BD[3,3] could also be added to the [Ru(bpy)3]2+ photosensitizer 
solution and under irradiation with light evolve oxygen and complete the same catalytic 
cycle as illustrated in Fig. 3.1.1, Chapter 3.1. The dioxygen formation illustrated in (7.1) 
is strongly dependent on pH and was observed to attain a maximum value of 80 % at pH 
9 [117]. Thus while the formation of the charge-transfer excited state ( 7.1), and 
formation of oxygen (7.2) was observed more efficiently at pH 9, the chlorination of the 
photosensitizer [Ru(bpy)3]2+ was all carried out at pH 1-2 as shown in section 7.3. 
 
 
Fig. 7.2 Schematic of the photocatalytic oxidation by water by the [Ru(bpy)3]2+ - Catalyst 
System (Adapted from [119]). 
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7.3. Chlorination of [Ru(bpy)3]2+ 
Instead of using irradiation techniques, the [Ru(bpy)3]2+ , ruthenium (II) dichlorine 
solution was dissolved in water and bubbled through a continuous flow of chlorine gas 
(Fig. 7.3). The chlorine gas was generated by heating around 100 mM MnO2 with 10 ml 
of concentrated hydrochloric acid. The reaction of MnO2 with concentrated HCl acid 
(7.3) caused around 100 times more chlorine to be evolved for the oxidation of 1 mM 
[Ru(bpy)3]2+.  
 
MnO2 + 4 HCl →  MnCl2 + 2 H2O + Cl2   (7.3) 
 A round bottom flask was used to heat the MnO2 solid in concentrated HCl. In 
order to prevent HCl solution from passing into the [Ru(bpy)3]2+ solution, a flask with 
water was used as a separation medium between MnO2 with concentrated HCl and the  
[Ru(bpy)3]2+ solution. Any chlorine evolved from the [Ru(bpy)3]2+ solution was absorbed 
into the NaOH solution for safety purposes. Heat was left on for 2 days and subsequently, 
a clamp was placed on the tube and the orange [Ru(bpy)3]2+ solution was left under a 
continuous chlorine atmosphere. Within 30 min, the orange solution [Ru(bpy)3]2+  was 
oxidized forming a green solution of [Ru(bpy)3]3+ and after another 5 days, a purple 
solution corresponding to the same EPR signal as observed with single-site catalyst 
shown in Chapter 4 was obtained. Due to its high reactivity as described in [122], the Ru 
chlorinated product(purple solution) was immediately frozen for EPR and XAS analysis 
as described in section 7.4, 7.5 and 7.6 below. 
 
Fig. 7.3: Experimental Set up for Ru(II) bipyridine chlorination 
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7.4. EPR and XANES Analysis 
          EPR analysis carried out on highly oxidized chlorinated product was found to 
demonstrate a small contribution of the axial Ru(III) [Ru(bpy)3]3+ EPR signal with g-
tensors gxx = 2.73 and gyy = 2.66 and a predominantly new EPR signal similar to that 
observed in mononuclear Ru polypyridyl complexes. Similar to the Ru peroxo species 
generated from the [RuII(L)(4-pic)2(OH2)]2+ starting complex, the chlorinated Ru(III) 
species had g-tensors gxx = 2.34, gyy = 2.24 and gzz = 1.86 (Fig. 7.4 A). Further EPR 
quantification showed that the Ru(III) chlorinated solution had around 20 % of Ru(III) 
solution still present (Fig. 7.4 A). This was useful for deconvolution of its XANES and 
EXAFS spectra at Ru K-edge . 
      XANES analysis was carried out for starting complex [Ru(bpy)3]2+, [Ru(bpy)3]3+ 
formed by adding 1 eq. Ce(IV) to [Ru(bpy)3]2+ and the oxidized chlorinated product. 
[Ru(bpy)3]3+ showed a shift in energy as compared to Ru(II) but the same shift in energy 
as BD[3,3] validating its oxidation state of Ru(III). An interesting feature with a peculiar 
twisting edge was however observed in the rising edge of the Ru(III) chlorinated sample 
(Fig. 7.4 B) implying possibly a different symmetry and coordination in the chlorinated 
product. In addition, the deconvoluted Ru chlorinated product showed a shift in energy 
lying between that of BD[3,3] and BD[3,4]. From its EPR analysis and XANES feature, 
this species does not have a contribution of Ru(IV) but however seems to have a distorted 






Fig. 7.4 A EPR of a mixture of 20 % [Ru(bpy)3]3+ and 80 % Ru chlorinated solution. B 
XANES comparison of [Ru(bpy)3]2+, Ru(bpy3)3]3+ and Ru(III) chlorinated solution 
C.Fourier transforms of k3-weighted Ru EXAFS of [Ru(bpy)3]2+ , Ru(bpy3)3]3+ and 
Ru(III) chlorinated solution 
7.5. EXAFS analysis 
             In order to understand the structure of the Ru(III) chlorinated solution, 
EXAFS analysis were carried out on deconvoluted Ru(III) chlorinated solution obtained 
after subtracting 20 % contribution of green [Ru(bpy)3]3+ . Fourier transforms of 
[Ru(bpy)3]2+ and [Ru(bpy)3]3+ are similar as expected indicating no considerable change 
in their structure. However the chlorinated Ru(III) had a much smaller back-scattering 
amplitude as compared to [Ru(bpy)3]3+ confirming presence of a short Ru-O distance 
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(Fig. 7.4 C). The qualities of the EXAFS fits for [Ru(bpy)3]2+ , [Ru(bpy)3]3+ and Ru(III) 
chlorinated product were assessed by adding 1 Ru-O distance to the first shell and 
consequently to the 1st and 2nd shell. For instance, upon adding 1 Ru-O distance to the 
first shell for Ru(bpy)32+, the quality determined by the Reduced Chi2 worsened. 
Similarly by adding a Ru-O distance to the 1st and 2nd shells, the quality of the fit again 
worsened showing that 6 Ru-N distance and 12 Ru-C distances fit the spectra well, in 
agreement with XRD measurements carried out for this complex. In addition, EXAFS fits 
carried out on [Ru(bpy)3]3+ showed a worsening in the R-factor value when an additional 
Ru-O distance was added to the first shell (Appendix Table E.1, Fig.E.1, E.2). The 
quality of the fit also worsened when the Ru-O distance was added to the overall spectra 
including all shells. On the other hand, the Ru chlorinated product spectra showed 
considerable improvement in the quality of the fit when a Ru-O distance was added to the 
first shell as well as to the overall spectra. The Ru-O distance in the Ru(III) chlorinated 
sample was determined to be around 1.91 Å which is in agreement with a Ru peroxo 
distance (Table 7.1, Table E.1, Fig. 7.5, Figs E1, E.2 ) 
Table 7.1 Comparison of structural parameters from EXAFS and XRD for [Ru(bpy)3]2+, 





Shell: N x distance in Å 
XRD [27, 81] 
bond distances are in Å  
[Ru(bpy)3]2+ 
 
R-factor = 0.0001 
Reduced Chi2= 339 
Ru-N: 6 x 2.06 
Ru-C: 12 x 3.02 
 
Ru-N: 6 x 2.06 
Ru-C: 6 x 2.91 
Ru-C: 5 x 3.05 
Ru-C: 3 x 4.28 
Ru-C: 5 x 4.8 
[Ru(bpy)3]3+ 
 
R-factor = 0.0046 
Reduced Chi2= 8100 
Ru-N: 6 x 2.07 
Ru-C: 12 x 3.02 
 
 
Ru chlorinated product 
R-factor = 0.0110 
Reduced Chi2= 8202 
Ru-N: 5 x 2.06 
Ru-O: 1 x 1.90 
Ru-C: 12 x 3.01 
 





Fig. 7.5 Fourier transforms and fits of k3-weighted EXAFS of the [Ru(bpy)3]2+, 





 In summary, EPR, XANES and EXAFS analysis revealed presence of a new 
intermediate with oxidation state +3 and a peroxo group (Table 7.1, Fig. 7.5, Table E.1). 
This intermediate trapped as a purple compound could be Ru(bpy)3(ClO4)3.OOH  with a 
slightly different symmetry that [Ru(bpy)3]3+ as hinted from its XANES spectrum (Fig. 
7.4 B, Fig. 7.6). 
 
Fig. 7.6 Possible Configuration of the chlorinated compound Ru(bpy)3(ClO4)3.OOH 
 
  This chlorinated product has been precipitated before as a perchlorate salt but its 
structure remains unknown up till now. EXAFS fits indicate that addition of a Ru-O 
distance to the overall shells including Ru-N and Ru-C scatterings improve the quality of 
the fit. The chlorination of the photosensitizer [Ru(bipy)3]Cl2 to form a chlorinated salt 
with similar EPR as other studied monomeric Ru catalysts such as [RuII(L)(4-
pic)2(OH2)]2+ (L = 4-t-butyl-2,6-di(1',8'-naphthyrid-2'-yl)pyridine, pic = 4-picoline)  and 
[Ru(bda)(isoq)2] (H2bda = 2,2’-bipyridine-6,6’-dicarboxylic acid; isoq = isoquinoline) is 
particularly interesting. X-Ray diffraction studies of the purple chlorinated salt are 
proposed in the future. If the structure of this salt can be determined, this might shed 
more understanding on the catalytic cycle of monomeric Ru complexes which are more 





8.  CONCLUSION AND FUTURE WORK 
8.1. Summary 
As emphasized in the introduction section, developing artificial photosynthesis by 
engineering it into building materials or practical devices constitute a major step towards 
preservation of our biosphere[2]. However, artificial photosynthesis through an efficient 
“light-to-fuel” device cannot be achieved unless we understand at a full molecular level 
the structure and function of an artificial photosynthetic system. Unfortunately the full 
characterization and improvement of a photosynthetic process is very complex and as 
such it is important to understand the molecular mimics of photosynthesis through the 
employment of catalytic systems.[2] As mentioned in Chapter 1, molecular-defined 
ruthenium catalysts are the best systems for mechanistic studies due to their simplicity, 
the availability of kinetic information and the possibility to control, via ligand design the 
stability of the reactive intermediates. Chapter 2 emphasizes the best techniques possible 
to study generated intermediates of water oxidation. Time resolved approaches including 
X-ray spectroscopy on freeze quenched samples, Resonance Raman on highly reactive 
intermediates and EPR led to the identification of the key intermediates in each catalytic 
cycle and their rate limiting steps. Such time resolved techniques were highly informative 
for analysis of reactive intermediates towards O-O bond formation and allowed us to 
deliver new insights regarding the electronic and geometric structures of Ru complexes in 
high oxidation states in both blue dimer and single-site catalysts, the structures of peroxo-
intermediates in blue dimer, and some of the single-site catalysts, as well as the direct 
experimental probing of transient RuV=O intermediates with radicaloid activated 
character.  
The key findings throughout this thesis are summarized in section 8.2. The outlined 
findings and insights provide a tremendous amount of understanding at the molecular 
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level of the structure and function of the blue dimer and monomeric catalytic 
intermediates. Such information can help towards a better modeling of the reaction 
profiles and analysis of reaction barriers.  
 
8.2. Key findings outlined in this thesis 
8.2.1  Spectroscopic Characterization of reactive intermediates in Blue Dimer  
As explained in Chapter 2, time-resolved approaches were developed through 
stopped flow quench technique to study the catalysis of water oxidation. Such technique 
allowed us to trap 100 % reactive intermediates along specific time intervals along the 
catalytic cycle. For instance, electronic and structural configurations of stable 
intermediates BD[3,3] and BD[3,4] as well as reactive intermediates BD[4,5] and 
BD[3,4]-prime were provided for the first time. XAS and EXAFS analysis of the blue 
dimer [4,5] intermediate demonstrated presence of a short Ru=O distance. This was the 
first structural characterization of this intermediate which was found through EPR 
analysis carried out in H217O to be reactive towards formation of O-O bond and oxygen 
evolution. A second previously uncharacterized intermediate, BD[3,4]-prime 
intermediate denoted to be a peroxo intermediate was also studied through parallel EPR 
and XAS analysis and found to demonstrate considerably modified ligands from BD[3,4] 
in spite of having the same electronic configuration. 
The characterization of these intermediates along the schematic of the blue dimer 
catalytic cycle in parallel with several other techniques such as stopped UV-Vis 
Spectroscopy, EPR, Resonance Raman and XAS is important as it can help to build more 
realistic profiles for the blue dimer catalyst. For instance, although Siegbahn and 
associates[45] achieved significant progress through DFT analysis on the blue dimer 
water splitting reactions, his proposed schematic for the blue dimer catalytic cycle 
showed several unidentified intermediates. We have been able in this thesis to build a 




8.2.2 Experimental Demonstration of radicaloid character in RuV=O unit of blue 
dimer [4,5] intermediate 
 DFT analysis of the reaction barrier for water oxidation in the oxygen evolving 
complex in photosystem II has shown that formation of a Mn-O. radicaloid intermediate 
is necessary to produce the experimentally observed activation energy.[16, 45, 49, 50] 
However, involvement of a radicaloid character was never been experimentally 
demonstrated. This thesis illustrates for the first time the high spin density on the oxygen 
in the d3 RuV=O fragment of the BD[4,5] intermediate with associated large 17O 
hyperfine splittings. Such studies carried out by EPR in H217O show high promise that 
highly reactive M-O units with different metal ions with electronic configurations similar 
to RuV=O can be found.  
8.2.3. Stabilization of BD[4,5] intermediate in D2O 
Blue dimer catalysis carried out in D2O water compared to H2O water showed that 
the Hydrogen/Deuterium effect can be used to identify reaction steps coupled to proton 
transfer and also stabilize some of the highly-reactive transient intermediates such as 
BD[4,5] in the blue dimer catalytic cycle. The extended lifetime of BD[4,5] in D2O 
proved to be a cheaper and easier way to capture  and study this reactive intermediate. 
Such finding was important as it confirmed that the rate limiting steps in the overall water 
oxidation catalytic cycle is not the O-O bond forming step and is consistent with the rate 
limiting oxidation of BD[3,4]-prime intermediate by Ce(IV). 
8.2.4. Characterization of oxygen evolving intermediate in Blue Dimer  
As mentioned in section 8.2.1, previously uncharacterized intermediate, BD[3,4]-
prime was observed through XAS analysis. However EXAFS analysis of this 
intermediate was insufficient to resolve its structure. For instance, while EXAFS analysis 
showed a clear change in its ligand environment, the unknown structure of this 
intermediate was further resolved by EPR analysis in H217O and Resonance Raman 
characterization in isotopically labeled H218O water. While Resonance Raman analysis 
confirmed that this intermediate cannot have a Ru(side on)-OO, EPR analysis in H217O 
showed that this intermediate could have a Ru-OOH fragment with a Ru-O stretch 
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responsible for the observed Raman vibration in H218O. Further EPR and Resonance 
Raman analysis also showed that the stability and rate of formation of this particular 
intermediate in different media can differ depending on the oxidant being used. Such 
insights are additionally important as they show that a catalyst’s activity and stability can 
potentially be manipulated and altered with noticeable changes in its kinetics. 
8.2.5 Mediator-assisted Water Oxidation by use of photosensitizer [Ru(bpy)3]2+ 
As mentioned in Chapter 3.5, management of electron transfer and charge 
recombination events are extremely important in artificial photosynthesis. So far, very 
little attention has been given to understanding and optimizing electron transfer processes 
in homogenous water splitting catalysts. We showed in this thesis that Ru3+ from 
photosensitizer [Ru(bpy)3]2+can work by redox shuttle mechanism and speed up several 
oxidation steps. These results are very significant as they show that a redox mediator 
such as [Ru(bpy)3]3+ can shorten the lifetime of the oxygen evolving intermediate with 
significant enhancement in the catalyst’s oxygen evolution rate.  
8.2.6. Spectroscopic Characterization of reactive intermediates in Ru single-site 
catalysts 
It was long time thought that dimeric or higher order structures are required to 
achieve catalytic water oxidation. However, recently single-site catalysts with improved 
catalytic activity compared to blue dimer were synthesized.[32, 37, 123, 124] This thesis 
reports  structural and electronic characterization of single-site catalysts, which might be 
a direct product of the O-O bond formation step. Preliminary schematics for the 
mechanism of water oxidation by single-site catalyst [RuII(L)(4-pic)2(OH2)]2+ and 
[Ru(bda)(isoq)2] are observed. Characterization of Ru bound peroxide formed by RuIV=O 
active species as well formation of a potential Ru(IV)-O-O-Ru(IV) peroxo dimer are 
observed. Spectroscopic characterization of single-site catalysts also showed that huge 
variations in the reactivity of a catalyst can depend largely on the nature of its 
surrounding ligands. Spectroscopic analysis of the reactive intermediates in this thesis 
constitutes an important step towards understanding the mechanism behind an important 
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class of highly effective water oxidation catalyst with comparable performance of the 
oxygen evolving complex in photosystem II[43]. 
8.2.7. Ligand exchange in Ru single-site catalysts 
Simple ligand exchange from a Ru-Cl to a Ru-H2O bond on a mononuclear 
Ru(II)polypiridine catalysts was also observed. Contrary to recent work carried out by 
Thummel and co-workers[113], we demonstrate in this thesis that [Ru(bpy)(tpy)Cl]+ 
cannot function as water oxidation catalysts if freshly dissolved and immediately 
oxidized. This result is quite interesting as it shows that this type of Ru complex can 
undergo rapid oxygen evolution if left incubated in water for a longer time period prior to 
being oxidized. Such results also illustrate that the spontaneous reactivity and 
characterization of a Ru(H2O) aqua complex can only occur if the RuIICl polypiridine 
catalyst is incubated in water for a period of at least 4 hours first. 
8.2.8. Characterization of Ru-peroxo like EPR signal in single-site catalysts 
Although monomeric Ru complexes have great potential of showing higher 
efficiency than the blue dimer, structures of the reactive intermediates along their 
catalytic cycles are still unclear. Further clarification on EPR characterization of Ru 
intermediates in single-site catalysts was carried out by chlorinating the [Ru(bpy)3]2+ 
photosensitizer. Ru chlorinated product from the bipyridine photosensitizer showed the 
same EPR signal as the peroxo like EPR signal in monomeric Ru complexes, and 
provided promise that if the chlorinated intermediate is crystallized, the structure of the 
peroxo intermediate in single-site catalysts could be solved. 
 
8.3. Concluding Remarks 
In summary, this work led to the characterization of reactive intermediates and 
dynamics of their interconversion in both blue dimer and monomeric Ru catalysts. 
Experimental observations conducted through several spectroscopic techniques provided 
a powerful tool for the structural analysis and identification of key reactive intermediate 
as well as their rate limiting steps. As shown in 8.2.1, such results can lead to a better 
modeling of the reaction profile and analysis of reaction barriers of blue dimer and 
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monomeric Ru catalysts. Combinations of the key insights showed in sections 8.2.1-8.2.8 
showed that spectroscopic approaches have great capabilities of uncovering the 
mechanism of the water splitting reaction and lead to the design of efficient, robust and 
economically feasible catalysts for a “light-to-fuel” energy device. 
 
8.4. Future Suggested Work 
8.4.1. Energy energy diagram for Blue Dimer Water Oxidation 
The overall goal of this thesis is to achieve a complete understanding of the water 
oxidation cycle for both monomeric and dimeric Ru-based catalysts. So far, this thesis 
has shown a good understanding of the intermediates captured along the dimer and 
single-site Ru catalytic cycles. . It is however important to couple our experimental 
understanding with theoretical calculations to build more realistic reaction profiles for 
Ru-based catalysts studied in this project. In the future, we propose that more theoretical 
analysis be carried out on the mechanism of the catalytic oxidation by Ru-based catalysts 
in conjunction with experimental findings shown in this project. 
 For instance, reaction profiles and analysis of reaction barriers in blue dimer and 
monomeric Ru complexes have so far been carried out only through DFT 
calculations.[45, 48, 125]. Siegbahn et al[51] recently achieved significant progress by 
carrying out DFT studies using cluster models on the oxygen evolving complex. 
Interestingly, the energy structure for the OEC derived from DFT calculations agreed 
with experimental results gained by spectroscopic techniques. Siegbahn and co-workers 
have also carried out theoretical calculations on a proposed blue dimer catalytic cycle 
with a lowered energy reaction (Fig.s 8.1 8.2). Similar reaction profiles ought to be built 
for the schematic of the blue dimer catalytic cycle shown in Fig. 3.1.1 (Chapter 3.1) as 
coupled experimental findings in this thesis along with theoretical analysis will lead to a 





Fig. 8.1 Mechanism and Energy Diagram for blue dimer water oxidation proposed by 
Siegbahn and co-workers, (Adapted from[45]) 
8.4.2 Characterization of BD[4,4] blue dimer intermediate  
As shown in Chapters 3.1-3.5, transient intermediates BD[4,5] and BD[3,4]-prime 
have been well-characterized along the blue dimer catalytic cycle. However, EPR silent 
intermediate BD[4,4] is still undetectable at the conditions used in this thesis with 
ammonium cerium(IV) nitrate at pH 1. Experiments conducted in D2O and with the 
electron transfer mediator [Ru(bpy)3]2+ showed that an EPR silent intermediate might be 
present in small quantities. More in depth XAS and parallel EPR analysis ought to be 
carried out under these conditions to maximize the content of BD[4,4] and analyze its 




8.4.3. In-depth analysis of the mechanism of water oxidation by single-site Ru 
catalysts 
As shown in Chapters 4-7, single-site Ru catalysts have a better efficiency and 
improved reactivity as compared to the blue dimer. Single-site catalysts have also been 
functionalized on electrodes’ surfaces. However spectroscopic characterization of these 
catalysts is still complex and suspected peroxo intermediates occur in complex mixtures 
which further complicates their EPR and EXAFS analysis. Bulk-electrolysis ought to be 
carried out in order to obtain pure Ru peroxo species in solution. In addition, detailed 
EPR analysis including studies of relaxation, power saturation of Ru-peroxo species and 
17O labeling can be carried out to gain more in-depth insight about the electronic structure 
and spin density distribution of these species. 
8.4.4. Mechanism of Ru based catalysts immobilized on electrode surfaces 
 So far, both dimeric and single-site Ru catalysts capable of water oxidation have 
been studied in homogeneous solutions. It is however also important to use these 
catalysts for device-making purposes. For instance, some photoanodes based on cobalt 
compounds were recently devised. These cobalt catalysts were shown to show good 
oxidizing properties when used in combination with the n-type organic semiconductor 
PTCBI(perylenetetracarboxylic acid bisbenzimidazole)[126]deposited on an ITO slide. In 
addition to development of cobalt-based photoanodes for O2 evolution, other studies have 
been carried out by Gratzel and co-workers showing use of thin films of cobalt nitrate to 
Si-doped α-Fe2O3[127]. Such simple impregnation of thin films of cobalt nitrate showed 
small increase in photocurrent under irradiation. Nocera and co-workers also found 
enhancement in efficiency of photochemical water oxidation when catalytic thin film 
material is deposited on α-Fe2O3 [128, 129]and ZnO photoanodes[130]. 
 Recently, increase in the catalytic water oxidation activity was shown on Ru 
catalyst [Ru(Mebimpy)(4,4’-(HO)2OPCH2)2bpy)(OH2)]2+ (Mebimpy is 2,6-bis(1-
methylbenzimidazol-2-yl)pyridine; bpy is 2,2’-bypiridine) (1-PO3H2) mobilized on planar 
ITO (Sn(IV) doped In2O3) and FTO (fluorine-doped SnO2) electrodes[131]. Interestingly, 
the catalyst 1-PO3H showed increased rates for oxidation in conductive nanoparticle ITO 
films through electrolysis carried out over an large pH range[131]. We have carried out 
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preliminary XAS at Ru L-edge and Ru K-edge on one of the oxidized intermediate 
[Ru(II)Ru(IV)-OO]4+  shown in Fig. 8.2. A change in electronic configuration from 
Ru(II) to Ru(IV) was observed at Ru L3 and L2 edge. In addition, preliminary structural 
information was obtained for the oxidized intermediate at Ru K-edge (Fig. 8.2 C and D). 
 
Fig. 8.2 A. Ru L3 and L2 edge of [Ru(II)Ru(II)-OH2]4+ and [Ru(II)Ru(IV)-OO]4+ Ru 
complexes immobilized on electrode surfaces (Indium, tin oxide glass slide) C. Ru K-
edge XANES and D. EXAFS of [Ru(II)Ru(IV)-OO]4+ 
 In this case, the tested surface coverage of the Ru complex ranged around 5.3 x10-8 
mol/cm2 [131]. In the future, a comparative mechanistic analysis of the single site Ru 
catalyst can be initiated in two different forms, one in solution as studied in this thesis 
and second on an electrode surface. Mobilization of the Ru complexes on the surfaces of 
nano ITO electrodes is advantageous as electrons removed from water can be used on the 
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Fig. A.1 Result of the Ru-O-Ru angle determination for blue dimer [3,3] and [3,4] 






















Table A.1. EXAFS fits for blue dimer [3,3], [3,4] and [4,5] 
Sample Fit Pea
k 









Ru-N,6 2.09 1* 1.8 5.4 0.0189 14594 




1* -1.4 3.7 
3.0 
0 750 






1* 0.04 3.0 0.0001     1636 



















































7 I Ru-N,6 2.09 1* 0 5.3 0.0191 36694 




1* 1.5 4.3 
3.5 
0 786 






1* 3.1 3.4 0.0001 2235 






















































13 I Ru-N,6 2.10 1* 2.8 5.1 0.1089 232806 




1* 0.9 3.9 
0.7 
0.0007 27621 






1* -0.6 2.7 0.0002 9348 













































































20 I Ru-N,6 2.08 1* -1.0 3.7 0.0079 31926 




1* 3.0 3.2 
2.7 
0.2740 219 






1* 3.9 2.8 0.5060 405 












































































27 I Ru-N,6 2.09 1* -3.5 5.8 0.0343 8196 




1* 3.2 5.1 
2.8 
0.0012 4400 






1*   3.5 3.3 0      163 



































































































1.3 – 2.05 1 Ru-N,6 2.09 1* 0.2 3.6 0.0293      137555 




1* -0.8 2.6 
1.6 
0.0001 14627 




1* -1.2 3.1 
1.0 
0.0003 33574 
1.3 – 2.05 4 Ru-N, 4 
Ru-O,1 
Ru-O,1 




1* -3.0 1.0 0.0001 7833 







1* -6.0 0.3 0 3206 




1* 2.2 3.0 
2.2 
0.0610 126362 




1* 1.3     3.5 
    1.3 
0.0610 126513 
1.3 – 2.95 8 Ru-N,4 
Ru-O,1 
Ru-O,1 




1* 6.9 8.3 
6.7 
1.5 
0.0563     165880 







































































Model 2  










1* -3.4    2.3 
   1.0 
   0.1 
   8.2 
0.0004 1804 













































































































































































































































1* -9.7     0.5 
    3.1 
    0.9 
    2.8 
 
 


































Fig. A.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of (a) [3,3] powder (Fit 5, Table A.1), (b) [3,3] solution (Fit 11, Table A.1), (c) [3,4] 
powder (Fit 18, Table A.1), (d) [3,4] solution (Fit 25, Table A.1), (e) [4,5] solution (Fit 
31, Table A.1), (f) [3,4]’ solution (Model 1, Table A.2)   
 
 
Fig. A.3 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of (a) [3,3] powder (Fit 5, Table A.1), (b) [3,3] solution (Fit 11, Table A.1), (c) 
[3,4] powder (Fit 18, Table A.1), (d) [3,4] solution (Fit 25, Table A.1), (e) [4,5] solution 





Fig. A.4 BD [3,4]’ solution (A) EXAFS fourier transforms (B) Back fourier experimental 
and fitted lines q Re[χ(k)]  (C) Back fourier experimental and fitted lines k3 χ(k) for 







B. SUPPORTING FIGURES AND TABLES FOR CHAPTER 3.5 




Shell, N R, 
Å 







1 1.36 – 
2.05 
Ru-N,6 2.09 1* -3.5 5.8 0.0343 8196 






1* 0.6 4.5 0.0018 1194 































































































































































Shell, N R, 
Å 







1 1.3 – 2.05 Ru-N,6 2.08 1* -7.3 5.0 0.0159 8337 




1* -0.7 4.1 
 
0.0003 486 



















































































































Shell, N R, 
Å 







1 1.36 – 2.05 Ru-N,6 2.07 1* -9.3 4.6 0.0279 11769 




1* -5.9 3.5 0.0005 535 















































































































Fig.  B.1Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of (a) BD[4,5], pH 1 (Fit 7, Table C.1), (b)BD[4,5]-prime prepared from 
hexaaquacobalt(III) (Fit 7, Table C.2), (c) BD[4,5]-prime prepared by freeze-quench 
trapping at pH 0 in DNO3 (Fit 7, Table C.3) 
 
Fig. B.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of(a) BD[4,5], pH 1 (Fit 7, Table C.1), (b)BD[4,5]-prime prepared from 
hexaaquacobalt(III) (Fit 7, Table C.2), (c) BD[4,5]-prime prepared by freeze-quench 




C. SUPPORTING FIGURES AND TABLES FOR CHAPTER 4 
Table C.1 EXAFS fits for RuIIH2O [RuII(L)(4-pic)2(OH2)]2+,  RuIIIH2O and RuIIH2O 
oxidized with 20 eq. Ce(IV) freeze-quenched within 1 s, 3 s, 5 s, 12 s, 30 s and 15 min. 
All samples were prepared at 0.5 mM in 0.1 mol HNO3. 





Ru(II)H2O 1 I 
 
Ru-N,6 2.12 1* 0 5.8 0.0199 2858 




1* -1.9 3.7 
3.5 
0.0017 880 






1* -1.1 3.4 0.0023 1235 










































Ru(III)OH2 7 I Ru-N,6 2.09 1* -0.7 4.5 
 
0.0002 158 




1* -1.7 2.9 
0.5 
0.0001 333 





























































+ 20 eq. 
Ce(IV) 
 (1 sec) 
 
13 I Ru-N,6 2.10 1* -0.6 4.5 0.0015 902 




1* 1.7 3.4 
12.9 
0.0001 231 






1* 5.1 3.8 
 
0.0016 3721 

















+ 20 eq. 
Ce(IV) 
 (3 sec) 
17 I Ru-N,6 2.11 1* 2.6 4.5 0.0020 289 




1* 7.6 3.9 
3.7 
0.0003 173 






1* 7.7 3.8 
 
0.0005 259 




















+ 20 eq. 
Ce(IV) 
 (5 sec) 
21 I Ru-N,6 2.09 1* -0.4 3.6 0.011 555 




1* 3.3 2.8 
7.4 
0.0001 183 




























+ 20 eq. 
Ce(IV)  
(12 sec) 
25 I Ru-N,6 2.11 1* 2.3 5.9 0.0202 1586 




1* -1.3 1.9 
2.4 
0.0065 1378 






1* 9.4 2.8 
 
0.0020 429 

















+ 20 eq. 
Ce(IV)  
(30 sec) 
29    I Ru-N,6 2.06 1* -14.8 4.3 0.0039 2673 




1* -8.7 2.4 
2.1 
0.0007 1876 






1* -6.8 2.7 
 
0.0009 2359 






























+ 20 eq. 
Ce(IV) 
 (15 min) 
34    I Ru-N,6 2.03 1* -25.1 4.0 0.0173 5079 




1* -13.1 0.6 
3.9 
0.0011 1574 






1* -15.6 2.5 
 
0.0076 10877 

































Fig. C.1 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) (dashed lines  RuIIH2O from   [RuII(L)(4-pic)2(OH2)]2+ (Fit 5, table C.1) in 
comparison with XRD fits,  RuIII H2O from 1 eq. Ce(IV) oxidation to [RuII(L)(4-
pic)2(OH2)]2+ (Fit 11, Table C.1), RuIIH2O with excess Ce(IV) freeze-quenched within 
1sec (Fit 16, Table C.1) , 3 sec(Fit 20, Table C.1), 5 sec  (Fit 24, Table C.1, 12 sec (Fit 
28, Table C.1), 30 sec (Fit 33, Table C.1) and 15 min (Fit 38, Table C.1). All samples 






Fig. C.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of (dashed lines  RuIIH2O from   [RuII(L)(4-pic)2(OH2)]2+ (Fit 5, table C.1) in 
comparison with XRD fits,  Ru III H2O from 1 eq. Ce(IV) oxidation to [RuII(L)(4-
pic)2(OH2)]2+ (Fit 11, Table C.1), RuIIH2O with excess Ce(IV) freeze-quenched within 
1sec (Fit 16, Table C.1) , 3 sec(Fit 20, Table C.1), 5 sec  (Fit 24, Table C.1, 12 sec (Fit 
28, Table C.1), 30 sec (Fit 33, Table C.1) and 15 min (Fit 38, Table C.1). All samples 










D. SUPPORTING FIGURES AND TABLES FOR CHAPTER 5 
Table D.1. EXAFS fits for Ru(II)Cl , Ru(II)H2O, Ru(II)Cl oxidized with 1 eq. Ce(IV) (2 
min) , Ru(II)Cl oxidized with 20 eq. Ce(IV) within 2 min and 20 min and 24 hours as 
well as Ru(II)H2O oxidized with 20 eq. Ce(IV) and freeze-quenched within 30 s.  
 





Ru(II)Cl 1 I 
 
Ru-N,6 2.02 1* -14.6 5.7 0.0522 40644 




1* -11.8 4.9 
8.1 
0.1187 96030 










Ru(II)H2O 4 I Ru-N,6 2.07 1* -4.2 5.3 0.0003 134 




1* -6.6 3.8 
2.9 
0.0003 971 




1* -6.3 5.2 
9.4 
0.0035 842 














8 I Ru-N,6 2.08 1* -3.8 4.8 0.0012 688 




1* -8.2 5.0 
10.4 
0.0383 15182 














11 I Ru-N,6 2.07 1* -6.9 6.0 0.0060 2685 




1* -5.8 6.0 
9.0 
0.0283 10612 





















14 I Ru-N,6 2.06 1* -7.2 5.5 0.0047 1153 




1* -6.5 5.8 
9.4 
0.0282 5289 














17 I Ru-N,6 2.08 1* 1.1 4.7 0.0006 242 




1* 3.0 4.7 
9.6 
0.0097 2781 














20    I Ru-N,6 2.06 1* -7.0 5.02 0.0421 24546 





























Fig. D.1: Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of (a) Ru(II)Cl (Fit 3, Table D.1), (b) Ru(II)H2O (Fit 7 Table D.1), (c) Ru(II)Cl with 
1 eq. Ce(IV) (2 min) (Fit 10, Table D.1), (d) Ru(II)Cl with 20 eq. Ce(IV) (2 min) (Fit 13, 
Table D.1), (e) Ru(II)Cl with 20 eq. Ce(IV) (20 min) (Fit 16, Table D.1) (f) Ru(II)Cl with 
20 eq. Ce(IV) (24 hrs) (Fit 19, Table D.1) (g) Ru(II)H2O with 20 eq. Ce(IV) (30 s) (Fit 








Fig. D.2: Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
Re[χ(k)] of (a) Ru(II)Cl (Fit 3, Table D.1), (b) Ru(II)H2O (Fit7, Table D.1), (c) Ru(II)Cl 
with 1 eq. Ce(IV) (2 min) (Fit 10, Table D.1), (d) Ru(II)Cl with 20 eq. Ce(IV) (2 min) 
(Fit 13, Table D.1), (e) Ru(II)Cl with 20 eq. Ce(IV) (20 min) (Fit 16, Table D.1) (f) 
Ru(II)Cl with 20 eq. Ce(IV) (24 hrs) (Fit 19, Table D.1) (g) Ru(II)H2O with 20 eq. 





E. SUPPORTING FIGURES AND TABLES FOR CHAPTER 7 
Table E.1 Structural parameters from EXAFS fits of [Ru(bpy)3 2+, Ru(bpy)32+ and Ru(III) 
chlorinated product 
Sample Fit # Shell R, Å N* σ2 x 
103 
R-factor Reduced Chi2 
Ru(bpy)32+ 
Peak 1 













































































































a Fits were done in q-space. R is the Ru–backscatter distance. σ2 is Debye–Waller factor. 




Section). So2 =1.0 was used in all fits. σ2 was set to be the same for first shell. Second 




Fig. E.1 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) k3 
χ(k) of [Ru(bpy)3]2+, [Ru(bpy)3]3+ and Ru chlorinated product 
 
 
Fig. E.2 Back Fourier transformed experimental (solid lines) and fitted (dashed lines) q 
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